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2,4-Dichlorophenoxyacetic acid (2,4 D) was the first synthetic
hetbicide introduced into commerce in 1947, and as a result,
24-D is also among the best understood and most thoroughly
researched herbicides in the world. Many studies have been
conducted on 2,4-D including in vitro, ecotoxicological and
mammalian toxicological studies. The influence of dose-
dependent 24-D toxicokinetics (TK) as an important determin-
ant for expression of toxicity has also been characterized in
multiple species, including humans. 2,4-D has been the subject
of several epidemiolegical studies and comprehensive reviews
as well as multiple studies to characterize potential human
and environmental exposure levels (reviewed in Munro et al.
1992; USDA 1998; Garabrant & Philbert 2002; US EPA 2005; Bus
& Hammond 2007; Aylward et al. 2010; Burns & Swaen 2012).

2,4-D is one of the most widely used herbicides worldwide
and the third most widely used herbicide in the USA and
Canada. !ts major uses in agriculture are on wheat and small
grains, sorghum, corn, rice, sugar cane, low-till soybeans,
rangeland and pastute. It is also used on rights-of-way, road-
sides, non-crop areas, forestry, lawn and turf and aquatic
weeds. Despite its widespread use, urinary levels of 2,4-D are
largely undetectable in the general population in Canada and
in the USA (CDC 2005; Health Canada 2010).

In recent years, increased awention has been paid to the
potential endocrine-modulating efects of environmental and
occupational exposures to pesticides and chemicals. Based on
its production volume, 2,4-D was recently screened using the

US Environmental Protection Agency (US EPA) Tier |
Endocrine Disruptor Screening Program (EDSP) assays for
potential interactions with the estrogen, androgen, thyroid
(EAT) pathways or with steroidogenesis {Coady et al. 2013,
2014). The endocrine activity of 2,4-D also has been compre-
hensively evaluated in a state-of-art apical in vivo extended
one-generation reproduction study {EDGRT; Marty et al
2013}, Overall, the toxicological, epidemiological, exposure
and biomonitoring information available for 2,4-D represents
a useful and comprehensive dataset to further assess the
potential for endocrine interactions. Consideration of expos-
ure information is critical for assessing the human relevance
of effects restricted to high in vitro concentrations or high in
vive dosing, and in determining the likelihood and apprepri-
ate level of concern for any given effect,

This assessment of potential endocrine pathway interac-
tions reviews the relevant toxicological and ecotoxicological
databases including both regulatory toxicological studies
{studies required or developed to support US registration)
and published literature. The objective of this review was to
construct a weight of the evidence {WokE) assessment of
potential endocrine pathway interactions and implications for
adverse effects on human health and environmental species,
with a particular focus on potential for interactions with EAT
pathways and with steroidogenesis.

The WoE approach included

« identifying and reviewing studies of 2,4-D conducted for
regulatory purposes and selection of studies with end-
points potentiatly relevant 1o EAT and steroidogenesis;

e identifying and reviewing published in vitro, in vivo eco-
toxicological, in vive mammalian, epidemiclogical and
mechanistic studies of 2,4-D with endpoints potentially
relevant to EAT and steroidogenesis;

= evaluating study quality for both regulatory and pub-
lished studies;

» identifying relevant endpoints for each potential endo-
crine pathway interaction {(EAT or steroidogenesis) within
each study;

# ranking endpoints for specificity and sensitivity in the
context of the specific studies;

« identifying potential confounding factors;

» evaluating the consistency and coherence of the reported
findings suggesting potential pathway interactions, i.e.
testing the hypothesis that the compound may act as an
estrogen agonist or antagonist, an androgen agonist or
antagonist, a thyroid agonist or antagonist or a modufa-
tor of steraidogenesis;

s assessing the completeness of the avaitable data and

« developing conclusions on the {ikelihood of compound-
related impacts for each potential EAT or steroidogenesis
endocrine pathway interaction.

Selection of reguiatory toxicology studies for inclusion
in the Wok

Toxicology studies of pesticides in the USA conducted for
reguiatory purposes (referred to as “regulatory toxicology
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studies”) are conducted to support product registration. The
goal of these studies, many of which are required by the US
EPA under contemporaneous detailed study guidelines, is to
develop adequate data so that the US EPA can have high
confidence in the toxicological endpoints serving as the basis
for its short, intermediate or long-term risk assessments to
protect worker health, other potentially exposed populations,
e.g. exposed through ingestion of dietary residues and the
environment. In addition to guideline compliance, the studies
are required to be conducted under Good Laboratory
Practice {GLP) regulations.

The EDSP Tier 1 testing performed for 2,4-D included five
mechanistic in vitro assays: estrogen receptor (ER) binding
and transactivation, androgen receptor {(AR) binding, aroma-
tase inhibition and steroidogenesis. Additionally, an amphib-
ian metarmorphosis assay (AMA), which focuses on potential
thyroid effects, and a fish short-term reproductive assay
(FSTRA), which has endpoints sensitive to estrogen and
androgen pathway interactions, were performed for 2,4-D. At
the time the Tier 1 EDSP regquirements were promulgated,
2,4-D had already been tested in mammals in an EDSP Tier 2
equivalent EOGRT study. This study had multiple endocrine
system-related endpoints that were specifically added in con-
sultation with the US EPA and the Pest Management
Regulatory Agency of Health Canada (PMRA). This battery of
EDSP studies constitute a robust core body of information for
the WoE evaluation of the potential of 2,4-D for EAT and ster-
cidogenesis pathway interactions.

Fourteen other regulatory studies with the most relevant
and comprehensive endocrine pathway-related endpoints
were selected for this WoE evaluation. The majority of the
selected reguiatory studies were mammalian toxicology stud-
ies, inciuding: an EPA guideline two-generation reproductive
toxicity study, developmental toxicity studies in rats and rab
bits, subchronic toxicity studies in rats, mice and dogs and
chronic toxicity studies in rats, mice and dogs. This extensive
mammalian regulatory toxicological data-base provides an
opportunity to evaluate consistency of responses across spe-
cies and strains, and also across exposure durations. A single
relevant ecotoxicological study, a one-generation quail repro
ductive toxicity study, was identified. Other ecotoxicological
reguiatory studies included too few relevant endpoints to be
useful in an endocrine WoE evaluation.

Many of the requlatory toxicity studies of 2,4-D (including
EDSP studies) have been published. We cite the publications
as well as the laboratory study reports. For all regulatory
studies with 2,4-D, the laboratory study reports were used to
evaluate study quality and derive results to include in the
WoE. The reports provide methodological detaits including

Tzhle 1. Modified Klimisch criteria.

CRITICAL REVIEWS IN TOXICOLOGY () 2

protocoi, amendments and protocol deviations, supporting
data on compound identity, purity and dose confirmation
analyses and ¢comprehensive results, including both summary
and individual animal results, generally not available in pub-
lished articles.

The guidelines for regulatory toxicology studies have
undergone significant changes over time, Many parameters
have been added which more completely characterize poten-
tial endocrine pathway-related effects, Thus more recent regu-
latory studies were prioritized for inclusion in the WoE while
some older studies were omitted in that the results of these
studies are largely supplanted by the findings derived from
higher guality and more comprehensive protocols.

Literature search and selection of published studies for
inclusion in the WoE evaluation

Databases  searched  included: BHCAPLUS, MEDLINE,
AGRICOLA, CABA, BIOSIS, ESBIOBASE, EMBASE, TOXCENTER,
PASCAL, PQSCITECH and SCISEARCH. The search included
studies ¢onducted on all forms of 2,4-D including the acid,
salt and ester forms. Terms used in the search strategy are
included in Supplementary Appendix 1. This search covered
studies published from 2009 to mid-2013 (depending on the
database); further PubMed searches were done to ensure cap-
ture of relevant late 2013-early 2014 relevant studies. A simi-
lar literature search was conducted in 2009, and coverage of
literature extended to the early 1960s in PubMed. Retrieval
was limited to English language articles.

Multiple in vitro, ecotoxicological and mammalian toxico-
logical studies on 2,4-0 were identified from the published
literature with potentially relevant endpgints.

Evaluation of study guolity

All studies were evaluated for quality prior to inclusion in the
assessment, and perceived weaknesses or gaps in available
information were tabulated. Although regulatory toxicology
studies are typically conducted under GLP, which ensures an
a priori protocol, a record of any protocol amendments and
deviations, and accuracy of data collection and reporting,
GLP compliance alone does not guarantee that the studies
are of high scientific quality or are the most retevant for
evaluation of endocrine pathway modulation, A detailed
evaluation of both the regulatory and published studies cited
in this article was conducted, and study deficiencies identified
where they were found.

Modified Klimisch criteria (Klimisch et al. 1997) were used
for scoring study quality and included several additional

Scare Description Comments

1 Refiable without restrction Generally guideline and GLP compbant studies using vahdated methodolegy; study 15 transparently
reported and report 1nternally consistent.

2 Refiable wath restriciion Generally studies from the published hiterature, ofien not GLP compliant but sufficient to accept the
data and "saentifically acceptable” or GLP studies that do not follow a specific guidehne or
cover imited components of a guideline.

3 Not refiable Studies generated by a method that is not acceptsble, insufficiently documented, or not convinang
wsing experl judgment,

4 Not assgnable Studies reported only in abstracts or as parl of book chapters with insufficient detail to evaluate

study quality.
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factors suggested by Schneider et al. 2009, in their discussion
of a Tox-R Tool for study guality evaluation. The scores are
summarized in Table 1,

Study quality factors evaluated in in vitro studies are

identification of compound name and purity;

description of test method;

identification of dose caoncentrations;

rationale (if any) for dose selection;

use of positive cantro;

use of appropriate vehicle or solvent control;

cytotoxicity evaluations (when appropriate);

internal consistency and, when tested, reproducibility of
reported results;

biological plausibility of reported results and

compliance with regulatory guideline or otherwise vali-
dated and scientifically appropriate methodology.

" ® B & 9 F W

There was an exception to application of Klimisch scor-
ing to in vitro assays for the assays from EPA’s in vitro
ToxCast™ Program {US EPA 2010). There is insufficient
information available on the methodology of the majority
of the proprietary ToxCast™ assays to develop a Klimisch
score; typically, these would be scored "4" for lack of infor-
mation, However, data derived from ToxCast™ include
assays specifically designed to elucidate potential endo-
crine-active mechanisms, and currently are being considered
by EPA for use in priority setting for the screening of
chemicals under EDSP. The selected studies from this pro-
gram used for the 2,4-D WoE include those most similar in
design to the EDSP Tier 1 in vitro assays and are therefore
considered relevant to the WoE.

Study gquality factors evaluated for in vivo ecotoxicological
and mammalian studies are

identification of compound and purity;

description of test method;

identification of dose concentrations;

rationale (if any) for dose selection;

adequacy of method or limitations;

parameters evaluated and methods used for evaluation;

completeness of data including identification of source,

age and strain of test species:

number of animals and dose groups tested;

use of appropriate statistical methods;

e information on analytical dose confirmation, homogeneity
and stability of dosing formulations;

e« appropriate randomization procedures including account-

ing for potential litter effects in developmental, repro-

ductive or perinatal studies;

internal consistency of reported resuits;

presence or absence of dose response;

biological plausibility of reported results and

compliance with regulatory guideline or otherwise vali-

dated and scientifically appropriate methodology.

In general, studies with a Klimisch criteria score of 1 or 2
are included in the WoE; however all studies were reviewed
for potentially relevant information.

No attempt was made to score epidemiclogical or occupa-
tional health studies; study limitations are qgeneraily dis
cussed, Additionally, non-guideline mechanistic studies were
not scored because these studies often use single dose leveis
and/or unconventional routes of exposure. Klimisch et al
{1997) assign this type of study a "5", outside of the scoring
criteria.

Published mammalian toxicological studies of 2,4-D saits
and esters {Charles et al. 1996a, 19%6b, 2001) were the pri-
mary source of information regarding activity of the salts and
esters and were reviewed to determine only whether any of
these forms presented a unique hazard of endocrine-related
toxicity compared to the acid form; therefore, the original
study reports were not reviewed in depth.

identification of refevant endpoints for each potential
endocrine pathway interaction and ranking of epdpoints
for sensitivity and specificity

Each study design was examined to determine endpoints
potentially refevant to specific endocrine pathway interac-
tions. The endpoints selected will be reviewed in the WoE
discussion. For mammats, endpoints include: developmental
landmarks {anogenital distance (AGD)], nipple retention in
males, vaginal opening and balano-preputial separcation);
estrous cyclicity; reproductive organ weight and histopath-
clogy; mammary gland histopathology; sperm parameters;
ovarian follicular counts; thyroid hormones, weight and histo-
pathology; adrenal weight and histopathology; and pituitary
weight and histopathology, The EQOGRT and two-generation
reproductive toxicity studies provide the majority of relevant
mammalian endpoints, particularly in the absence of the
EDSP Tier 1 mammalian screening studies which were not
required for 2,4-D because of the avaitability of the compre-
hensive EDSP Tier 2-equivalent EQOGRT study. Further, we con-
sider the most robust data to be derived from studies which
have internal checks for consistency because of evaiuation of
similar endpoints across life stages. For example, there were
sporadic findings of testicular atrophy in the EOGRT study
parental generation, These findings were of low incidence
and within historical control range, but more importantly,
were not seen in the F1 generation adults, even after a lon-
ger duration of exposure to 2,4-D. {Study results were also
examined to confirm there were no increases in implantation
loss or fetal deaths that could have signified potential culling
of a sensitive sub-population.) Thus, the Fl-generation results
provide additional confidence that the findings in the paren-
tal generation were not exposure related.

Subchronic and chronic toxicity studies, however, often
have information on reproductive organ weight and histo-
pathology, and sometimes hormone data {e.g. thyroid hor-
mones T4 and thyroid-stimulating hormone  {T5H}).
Oncogenicity studies may shed light on potential endocrine-
mediated toxicity by increases or decreases in certain tumor
types. Subchronic and chronic studies may also help identify
differences due to route of administration or varied responses
due to species or strain differences. Therefore, these studies
were also included in the WoE.
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As noted previously, the AMA focuses primarily on thy-
roid-related endpoints as development of the tadpole is
highly dependent on thyroid hormone economy. The FSTRA
and the quail one-generation study provide additional apica!
ecotoxicological studies, providing information on potentiat
estrogen, androgen or steroidogenesis pathway interactions.
Endpoints in the FSTRA include vitellogenin (VTG) measure-
ments, presence or absence of nuptial tubercles and gonadal
histopathoiogy; in the quaif, endpoints include fertilization,
eqggshell thickness and hatching.

In a recent paper, Borgert et al. 2014 proposed the follow-
ing ranking scheme for evaluating the endpoints assessed in
the EDSP Tier 1 Tests for relevance, sensitivity and specificity
to testing hypothesized endocrine pathway interactions:

“Rank 1 was assigned to in vivo endpoints that charactenze the
fundamental physwological actions for androgen, estrogen and
thyroid activities. Rank 1 endpoints are specific and sensitive for
the hypothesis, interpretable without ancillary data, and rarely
canfounded by arifacts or non-specific activity. Rank 2 endpaints
are specific and interpretable for the hypothesis bub  fess
informative than Rank 1, often dug to owversensitivity, inclusion of
narrowly context-dependent companents of the hormanal system
(2.9, in vitrg endpoints) or confounding by non-specific activity.
Rank 3 endpaints are relevant for the hypothesis but only
corroborative of Ranks 1 and 2 endpoints.”

Note that these rankings are made for each relevant end
point, not for each assay as a whole, Ranking of endpoints is
preset depending on the assay type and relevance to the
hypothesis being tested, i.e. whether estrogenicity, anti-estro-
genicity, androgenicity, anti-androgenicity or impact on ster-
oidogenesis or on the hypothalamic-pituitary-thyroid [HPT)
axis. It should be noted that there is currently, to our know-
ledge, no agreed-upon gquantitative weighting system for spe-
cific potentially endocrine-related parameters for studies
outside of the EDSP screening studies.

Three other factors were considered when scoring the
individual assay parameters. The first is the context of the
parameter and how or if potential confounding factors are
eliminated or controiled. For example, a relatively high
degree of confidence for assessing potential estrogenicity can
be placed on uterine weights in uterotrophic assay study ani-
mals, which are either ovariectomized and hence not cycling
or for uterine weights in immature females. Uterine weights
in reproductive toxicity study or subchronic toxicity study
femnales, if they are cycling, however, are not reliable end-
points because the uterine weight varies markediy with the
stage of the estrous cycle at the time of necropsy (Stoker &
Zorrilla 2010}, In the latter case, higher confidence in a poten-
tial endocrine interaction would be made if other correiating
endpoints, particulatly in the same study, also showed a
response suggesting estrogenic activity., For example, if uter-
ine weights were increased, and if the females showed per-
sistent estrus, this would provide a much more robust signal
of potential estrogenic activity.

Second, the magnitude of responses needs to be eval-
uated carefully. In the context of evaluating potential estro-
genicity in rat pubertal development, slight advancement
of the time of vaginal opening, e.g. 0.5day, is not strong
evidence of potential estrogenicity, whereas a three-day
advance would be (Edwards & Kay 1985). Evaluation of

CRIMICAL REVIEWS IN TOXICOLOGY I’; 5

response magnitude requires an appreciation of the vari-
ability inherent to the parameter in control test systems or
species. Historical control data (HCD} are particularly useful
in evaluating whether a statistically significant change is
also biologically significant. One of the strengths of the
regulatory database generally lacking in other studies in
the pubtished literature {and still being developed for
many refatively newer endpoints in the EDSP data set, par-
ticularly in fish and frogs) is the availability of HCD to help
interpret the biological significance of responses, and to
determine if the control population is behaving normally.

The third factor that may influence the scoring is the pres-
ence of significant systemic toxicity that may confound the
ability to accurately ascribe changes to endocrine modulation.
For example, decreases in VTG levels in female fish may be
due to other toxicity, such as hepatic toxicity, rather than to
potential anti-estrogenicity, whereas a substantial increase in
VTG in male fish appears to be closely associated with estro-
genicity. Decreased weight gain or weight oss may lead to a
decreased incidence of mammary tumaors or cell proliferation
in chronic studies, delays in sexual maturation, and, particu-
larly in immature animals, decreased testis weight and
testicular atrophy.

Differentiating potentiol endocrine modes of action
based on endpoints affected

There is overlap between changes in endpoints that may be
relevant for either estrogenic or anti-androgenic modes of
action. For example, relatively potent estrogens may affect
testicular  histopathology in ways congruent with anti-
androgens. Interactions with ERs or ARs may help delineate
modes of action. Endpoints relevant to steroidogenesis or the
hypothalamic-pituitary-gonadat {(HPG) axis may overlap with
either of these mechanisms, Examples of potential indicators
of endocrine pathway interactions in mammalian systems are
shown in Table 7.

To limit extensive redundancy in the WoE of potential
estrogen pathway interactions in mammals we have taken
the approach of limiting tabulated endpoints and discussions
to female-specific endpoints; for evaluation of potential
androgen pathway interactions we focus on male-specific
endpoints. Endpoints from the opposite sex are potentially
relevant {as can be seen in Table 2) and will be mentioned in
each case but not discussed in detail. For fish, the most sensi-
tive indicators of potential endocrine modulation in the cur-
rent EDSP Tier 1 assay appear to be found in the opposite
sex, e.g. increased VTG in male fish is a sensitive endpoint for
estrogenicity and the appearance of nuptial tubercles in
female fathead minnows is sensitive for androgenicity.
Therefore, data from both sexes from the FSTRA are consid-
ered for each pathway hypothesis.

Changes in both male and female endpoints may also be
indicators of a potential interaction with steroidogenesis or
the HPG axis; for this evaluation we have tabulated relevant
endpoints in both sexes for both mammals and fish, and pro-
vided briefer discussions of any specific study endpoints
already discussed in the WoE for estrogen-pathway-related or
androgen-pathway-related endpoints.
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Table 2. Exarmples of endpaints 1n mammalian toxicological studies indicating potential (Neractions with the estragen or androgen pathways.

Mechanism

Potential effects in males

Patential effects in females

Estrogenicity

. Sperm county
. fertility

a

a

a Presence of hypospadias/epispadias

e« _1eproductive argan weight {particutarly prostate,

seminal vesicfes)

o Histopathological findings of 1he testes {e.g. leydig

cell proliferation and/or tumors)

s " wodence, growth of pituitary tumors

Anti-estrogenicity
"testicular weight {shon teim)
Testucular alrophy (leng term)

Androgenscity .
® | sparm counts
e Testicular atrophy

Anti-androgenicity Delayed preputial separaticn
. anogennal distance

Ectopic testes tpre-natal exposure)

. tertdity

seminal vesicles)

e Retdined nipples/areclas in male pups

» Delayed prepunal separation (marked, or in
absence of significant body weight decreases)

 Heaghe of epithelium im testicular tubufes

infert:hty and testecular atrophy (mederate term)

" or | male reproductive organ weights

Accelerated vaginal spening
Persistent estrus
' time to mating
. gestation dwation
" wtenne weights {particularly indicative in imma-
tute or gvarieciomized animals)
Histopathologiral findings of the female reproduct-
ive organs (&.g. vaginal carpification, uterine
hypertrophy and hyperplasia)
T mammeary tumors
" inodence, growth of pstultary tumars
Ovanan, utering and vaginal tumors in female
offspring
Delayed vaginal opering (VO)
Delayed start of estreus cycling
Irregular &1 absent estrous cyclioty
. fernlity
. corpera lutea, implantations
female repraduciive oryan weights
. Mmammary tumor ineidence
' Arogenital distance
Accelerated vaginal opening
. fernility
Altered differential follicle count
Histopathological findings of the fermale reproduct-
we organs le.g. vaginal agenesis)
Induced male sex accessory tissues
Altered pup sex ratios between external and
internal sexing

Hypospadias‘epispadias (pre-natal exposure)

, reproductive organ weight {particularly prostate,

= Histopathological findings of the reproguctive
organs {e.g. epididymal agenesis, testicular tumaors)

Aromatase inhibition ® ' lime to mating
«  male mounting behavior
» _ body weight {chronig)
a ' testis seight {chronic)
Reduced stercid biosynthesis = Simdar to anti-androgenicity

* Body weight

. or Juterine weight

T ovary size

Polycystic ovaries

Stromal hyperplasia wn ovary (chromic)
Hyalinization in ovary (chron)

* ureter and Bladder 1nfection

. mammary tumor incidence [5-D rats)

Similar to anu-estragenicity/aromatase inhibiton

» Passible increased serum cholestarol levels

s | madence Leydig cell tumars

" Increase
. Decrease

The WoE generally follows the approach used by de
Peyster and Mihaich {2014), in that potentially relevant stud-
ies are identified, studies are evaluated for quality, relevant
endpaints for each hypothesis tested were ranked for sensi-
tivity and specificity, other factors or confounders potentially
influencing each endpoint were evaluated, and, most import-
antly, the consistency of responses of relevant endpoints
is assessed. The goal in this evaluation has been t¢ use the
most transparent methods for evaluation possible, recogniz-
ing that as mere infermation on adverse outcome pathways
are developed, some of the relative rankings of endpoints
may change accordingly.

The Weight of Evidence Guidance for the Tier 1 EDSF studies
developed by the US EPA (US EPA 2011) was also considered
when developing this evaluation. This document indicates:

“The robustness of the Tier 1 battery is based on the strengths of
each Individuzl assay and the fomplementary endpaints within

the battery. Thus, " ... the value of each indwidual assay connat be
considered [ sofotion from other assays w the battery, as they
have been combined in g manner such that imitations of one assay
dre compfemenied by the strengths of ancther™ (quote in EPA
document from EDSTAC, 1598

Although EPA’s approach was deveioped specifically for
the Tier 1 EDSP data set, the same principles were foliowed
for the current evaluation of 24-D. The WocE reflects an
assessment of whether results might signal a specific endo-
trine pathway interaction, the relative weight or rank placed
on that parameter for specifically and sensitively flagging a
potential interaction, and whether a finding (if any) was
made cnly at a systemically toxic or otherwise excessive
dose, as discussed above. The Wot tables developed for each
pathway pravide a visual representation that assists in identi-
fying patterns of findings within or across studies that may
indicate 8 potential endocrine pathway interaction; the
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subsequent discussions evaluate potentially confounding or
other factors that need to be considered to evaluate the like-
lihood of an endocrine pathway interaction.

tmpact of toxicokinetic data for 2,4-D on study design,
data interpretation and risk assessment

Extensive research has been done to characterize 2,4-D TK
2,4-D clearly exhibits species-, dose- and sex-dependent non-
linear TK in animal test species {Gorzinski et al. 1957, Van
Ravenswaay et al. 2003; Timchalk 2004; Saghir et al. 2006;
2013). The non-linear TK is directly and primarily attributable
to high-dose saturation of a renal anion transporter, OAT-1,
that is responsible for rapid renal ctearance of 24-D
{Hasegawa et al. 2003; Saghir et al. 2013}. Non-linear TK, in
which metabolism or excretion pathways available at lower
blood concentrations are partly or fully saturated with
increasing dose, may be a ¢lear confounder both in appropri-
ately designing toxicological studies and evatuating results
for hazard and human risk assessment. Use of TK to inform
human-relevant dose selection in animal toxicity studies has
been affirmed in recent reviews and Organization for
Economic Cooperation and Development {OECD} guidance
on conduct of the EOQOGRT study (Barton et al. 2006;
Carmichael et al. 2006; Cooper et al. 2006; QECD 443, 2012a),
The guidance recommended that top dose level(s) should
not exceed the inflection point of onset of TK non-linearity if
the inflection point dose was well separated from human
exposures, and further concluded that toxicity limited to
doses above the onset of non-linear TK behavior was not
quantitatively relevant to human risk. Both of these criteria,
evidence of non-linear TK in animal test systems and low
human exposure levels, are fulfilled for 2,4-D.

Consideration of saturated TK is particularly important for
interpretation of the human health refevance of high-dose spe-
cific 2,4-D toxicity, including potential endocrine effects. 2,4-D
is a structural analog of thyroxine, and has been shown to be
weakly active in displacing plasma protein bound thyroxine fol-
lowing administration at a toxicokinetically saturated 80 mg/
kg/day dose in rats (Florsheim & Velcoff 1962; Florsheim et al.
1963; Van den Berg et al. 1991). Given the weak competitive
binding activity of 2,4-D to thyroxine binding sites, any sub-
stantial displacement would be uniikely at disproportionately
lower plasma concentrations associated with non-saturating
2,4-D doses. In addition, high-dose administration of 2,4-D to
mice and rabbits results in increased distribution to and/or
retention fn brain (Kim et al. 1988}. The overall TK data suggest
that potential central nervous system (CN5S) effects are second-
ary to two sequential and mechanistically related dose dispro-
portionate events resulting in increases in 2,4-D brain
concentrations: (1) initial saturation of OAT-1 renal clearance
leading ta dose-disproportionate elevation in plasma 2,4-D
plasma concentration allowing for increased organ distribution
of non-plasma-protein bound 2,4-D (Timchalk 2004; van
Ravenswaay et al. 2003); and (2) followed by augmented non-
linear increases in brain concentration associated with high-
dose specific saturation of GAT-1 clearance from brain {Kim
et al. 1988). Although the quantitative contribution of each of
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these saturation events to altered distribution of 2,4-D within
the brain is unknown, such alterations to and within an endo-
crine modulatory organ such as brain have the potential to ini
tiate high-dose specific secondary modes of action. These
include reduced clearance of potentially toxi¢ neurgptransmitter
metabolites such as 5-hydroxy-3 indole acetic acid from brain
by the choroid plexus QAT-1 transporter {5-HIAA; Kim et al,
1088; Elo & MacDonald 1989) that ultimately have no quantita-
tive relevance to adverse health outcome potential in humans
exposed to far lower, non-saturating, environmental exposures.

Studies in rats have confirmed that 2,4-D TK exhibits non-
linear bebavior following dietary administration, a route of
administration commonly empioyed in 2.4-D toxicity studies,
and have titrated the doses at which the inflection point of
onset of non-linear TK begins in both male and female rats
{Saghir et al. 2008a, 2008b, 2013). In early work using dietary
dose fevels of 5 and 100 mg/kg/day, Saghir and coworkers
demonstrated saturation of renal clearance and distinctly
non-linear TK in mate F344 rats fed diet approximating
100mg/kg/day 2,4-D for 28 days (Saghir et al. 2006},
However, to better inform dose selection for the EOGRT
study, more comprehensive dietary range finding and TK
studies were conducted over multiple life stages in both
sexes of CD' rats (Saghir et al. 2008a, 2008b, 2013). These
data provided information on plasma concentrations over a
wide range of 2,4-D dietary doses and identified inflection
points for transition from linear to nen-linear TK in both male
and female Sprague-Dawley rats.

Following an integrated analysis of the TK information,
toxicity and human exposure information, top doses of
600 ppm {30mg/kg/day, non-pregnant femates) and 800 ppm
(40 mg/kg/day. males) were selected for the EOGRT study.
These doses were anticipated to be either at or slightly above
the inflection point for non-linear TK behavior of 2,4-D, con-
sidered a threshold for saturation of renal clearance (TSRC}
for each respective gender {also referred to as a KMD or kin-
etically derived maximum dose in some reports, Saghir et al.
2012}, Data from the EOGRT TK range finder study (Saghir
et al. 2013} showed that the high dose for male rats
(800 ppm; 41 mg/kg/day) was close to, but slightly above the
TSRC. Following 28 days of dietary treatment prior to mating,
the 2,4-D plasma area under the curve (AUC) in the 800 ppm
dose was a dose-disproportionate 11-fold higher refative to
the AUC at the 8-fold lower 100 ppm dose (5 mg/kg/day). The
high dose of 600ppm selected for females in the EOGRT
study, however, substantially exceeded the TSRC during the
28-day pre-mating treatment. During the 2B-day pre-mating
dosing period, the femaie ptasma 2,4-0 AUCs at 200, 400 and
600 ppm doses (14, 25-27 and 41 mg/kg/day, respectively}
were 3-, 8-11- and 31-fold higher relative to the AUC at
100ppm (6-7 mg/kg/day). An even larger 33-fold difference
in plasma AUC was observed between the 100 and 600 ppm
doses on gestation day 17 rat dams {Marty et al. 2013), likely
due to in¢reased food consumption in the latter stages of
pregnancy. Based on the EOGRT range finder TK data,
the TSRC in adult male rats is 30-40mg/kg/day and
15-20mg/kg/day in adult non-pregnant fermnales. Males are
more efficient at excreting 2,4-D than females because andro-
gens increase the expression of the saturable QAT-1
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transporter {Ljubojevic et al. 2004). Thus, the sex-dependent
difference in expression of the organic ion transpaorier likely
accounts for the differential thresholds for saturation of 2,4-D
between maie and female rats.

Differences in species sensitivity to 2,4-D also appear
related to the presence or absence of the OAT-1
transporter in the renal tubules. The implications of
species-specific differences in 24D TK to selecting the
appropriate species for deriving the point of departure
(PCD) for human risk assessment have been summarized
in a review by the findustry Task Force il on 24-D
Research Data (Bus & Hammond 2007):

"Knowledge of the dose and specigs-dependent pharmacokinetic
behavior of 2.4-D significantly enhances the understanding of the
ralevance of toxicity findings of 2,4-0 in rodents, and particularly
in dogs, to predicting potential human  heaith risks. Once
absorbed, 2,4-D is rapidly and completely excreted in urine by
bath rats and humans, but not dogs [Wan Ravenswaay et al. 2003;
Tirmchalk, 2004). in rodents and humans, renal excretion of 240
is facilitated by 3 saturable organic anion active transporter
located in the renal tubules (Timchalk, 2004}, The transporer does
not effectively function in dogs. Studies in rats indicate the renal
clearance of 2,4-D is clearly saturated at oral [gavage] dose levels
of S0mg/kg, resulbng in nonlinear increases in 2.4-D blood
concentrations at this dose and above (Gorzinski et al. 1987; Van
Ravanswaay et al. 2003), Given this non-linear behavior, saturation
af 2,4-0 renal clearance at 50 mg/kg suggests that animal toxicity
findings observed at this dose level and higher overestimate
potential human risks, In the case of dogs, both subchronic and
chronic studies indicate this species, with an overall MOAEL of
1 mg/kgiday [Charles et al. 1996b), is more sensitive to 2,4-D-
induced toxicity than rodents, with an overall NOAEL of 5mg/kg/
day (Charles et al. 1996¢}. Since the dog is lacking an effective
renal organic anion clearance mechanism, this differential species
response has been attributed to an inability of the dog to
effectively clear 24-0 from the body, resulting in significantly
higher 2,40 blood concenirstions in dog refative to rats and
humans at an eguivalent oral dose of 5mg/kg (Van Ravenswaay
et al. 2003; Timchalk, 2004}, |n this case the rat represents a more
relevant species for deriving data for [human] risk assessment.”

Because of the substantial differences in TK of 2,4-D in
dogs relative to other species including humans, EPA,
Canadian PMRA and European Food Safety Authority (EF5A}
regulatory assessments of 2,4-D have concluded that the
dog is an inappropriate species for human risk assessment
{US EPA 2005; PMRA 2007; EFSA 2014), As a consequence,
the animal no-cbserved-adverse-effect level (NCGAEL) used
as the primary reference point to establish acceptable
chronic human 2,4-D exposures is 21 mg/kg/day based on
toxicity in chronic dietary studies in rats {Marty et al
2013). This NOAEL is based on renal toxicity, not on endo-
crine or reproductive effects. Alexander et al. (2007)
reported that children living on farms on which 2,4-D was
being actively applied had systemic doses {geometric
mean) of 0.32 (children 4-11) to 0.12 (children >12 years
old) pg/kg based on five days of comprehensive urinary
biomonitering. These dose levels were 65 625-175000-fold
below the overall NOAEL of 21 mg/kg/day (21000 ug/kg/
day} used to set the EPA chronic reference dose for 2.4-D.
Large margins of expesure (MOEs) were similarly noted for
both applicators and spouses (geometric mean systemic
doses of 246 and  08ng/kg/day,  respectively).

Biomonitoring equivalent determinations in this and other
populations simitarly demonstrate conservatively large MOEs
{Aylward et al. 2010; Hays et al. 2012). Since the inflecticn
points for onset of non-linear TK in male and female rats
are in the range of 15-40mg/kg/day, toxicity studies such
as the EOGRT fuffitled recent dose sefection guidance rec-
ommending use of a KMD dose selection strategy, i.e. for
2,4-D using doses at or below the TSAC, when the nen-lin-
ear TK inflection point is well separated from human expo-
sures. Thus, TK data are a key contextual consideration
facilitating interpretation of the potential human relevance
of 2,4-D toxicity findings limited to doses above the TSRC,
including potentially endocrine-related endpoints.

Organization of the WofE evoluotion

The WoE is organized to summarize the 2,4-D in vitro studies,
followed by studies from the ecotoxicoiogical and mamma-
lian toxicological databases far 2,4-D with endpoints relevant
to evaluating EAT and steroidogenesis endpoints. EDSP Tier 1
studies, and the quail one-generation reproductive toxicity
study, the EOGRT EDSP Tier 2-equivalent and multi-gener-
ation rat studies are summarized briefly in the appropriate
sections because these studies provide the most relevant
information for characterizing EAT or steroidogenesis interac-
tions. In each case, the available studies from the reguiatory
databases and the published literature are tabulated with a
brief description of method, results, Klimisch score and ration-
ale. The published in vitro studies are presented ailphabetic-
alty by first author, because many of these publications cover
multipte types of in wvitro assays. The ecotoxicological and
mammalian toxicological studies are organized by study type.
Following the review of mammalian studies is a brief over-
view of epidemiological studies that assessed relevant
endpoints.

The article centinues with the WoE assessments for poten-
tial interactions with the estrogen, androgen or thyroid path-
ways or for interaction with stercidogenesis or HPG axis
integrating the data from ail studies considered high quality
{Klimisch 1 or 2).

There are several supplementary appendices. The first,
Appendix |, provides the search strategy used in to identify
potentially relevant published fiterature. Six appendices foi-
low that include more comprehensive summaries of the regu-
latary toxicological studies and published studies:

» Appendix It in vitra studies (Klimisch criteria 1 or 2),
including
e EDSP in vitro studies
s In vitro studies in the published literature
e Further detail on ToxCast™ assays
¢ Appendix li; in vivo ecotexicological studies (Klimisch cri-
teria 1 ar 2), including
e EDSP in vivo ecotoxicological studies
s Amphibtan metamorphesis assay (AMA)
« Fish short term reproducticn (FSTR) assay
Quail one-generation reproductive toxicity study
In vive ecotexicological studies in the published
literature
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s Appendix I¥: in vivo mammalian toxicological studies
{Klimisch criteria 1 or 2}, including:

¢ Reproductive toxicity
» EDSP Tier 2 equivalent EOGAT study
e Guideline two-generation rat reproductive toxicity
study
e Developmental toxicity studies in rat and rabbit
» Subchronic and chronic toxicity studies in rats, mice
and dogs
e In vivo mammalian toxicological studies in the pub-
lished literature
Appendix Il includes summaries of the regulatory eco-
toxicological summaries on 2,4-0 acid, followed by published
ecotoxicological studies. Appendix W inciudes summaries of
the regulatory mammalian toxicological summaries on 2,4-D
acid, followed by published mammalian studies organized by
study type, with priority given to the types of studies with
the most relevant endpoints for assessing potential endocrine
pathway interactions, e.q. reproductive toxicity evaluations.
Studies considered to be of less than optimal quality for
inclusion in the WoE {Klimisch 3 or 4), or found to not con-
tain relevant data are summarized in Appendices ¥ (in vitro
studies); ¥l [(in vivo-ecotoxicological studies) and ¥l {in vivo-
mammalian studies).

in vitro studies of 2,4-D relevant to assessment of
potential endocrine pathway interactions

in general, in vitro studies may assist in defining adverse out-
come pathways and clarifying in vivo findings, but are not
indicative by themselves of an adverse endocrine-disrupting
effect. Further, results of these studies may be influenced by
incompletely or unassessed cytotoxicity, artifacts from transi-
ent cell transfection, lack of metabolic co-factors or irrelevant
compound concentrations tested.

EDSP tier § in vitro studies

The in vitra EDSP screening assays of 2.4-D are described in a
recent publication (Coady et al. 2014}, These assays followed
the published US EPA guidelines for ER binding {rat uterine
cytosol ER binding assay), ER-mediated transcriptional activa-
tion {Hela-9903-ERz transactivation assay), AR binding irat
prostate cytosol AR binding assay), aromatase enzymatic
activity inhibition ({recombinant human CYP19 aromatase
inhibition assay) and interference with steroidogenesis
{H295R stercidogenesis assay).

The single exception to the guidelines for these assays
was that it was considered appropriate to limit the high con-
centration in the first four EDSP in vitro assays to 100 uM,
rather than the guideline-recommended 1 mM, because the
100 uM concentration was equivalent fo serum concentra
tions at or slightly above the TSRC (slightly above the Inflec-
tion point for non-linear TK) in 7ats dosed with 2,4-D in the
diet in the EOGRT study (Marty et al. 2010; Marty et al. 2013;
Saghir et al. 2013). As noted previously, responses seen onfy
in the non-linear TK range are not regarded as relevant to
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human risk assessment. Thus, endocrine receptor binding or
activation observed only at in vitro concentrations equal to or
exceeding serum concentrations at the TSRC are not
regarded as relevant to human risk and therefore not inform-
ative of potential human endocrine risk; testing high-exagger-
ated concentrations was considered not appropriate or
useful. The maximum concentration recommended in the
sterpidogenesis assay is 100 uM, and was used in that assay.

These EDSP studies are considered to meet Klimisch crite-
ria 1 because they were conducted according to US EPA
guideline recommendations, methodology was validated
extensively, deviations from the method were minor and per-
formance and reporting complied with GLP. Table 3 below
summarizes the assay type, concentration range tested,
results and study quality evaluation from the EDSP in vitro
studies; detailed summaries of methods and results are pro
vided in Supplementary Appendix IlA1. The ER binding, ER
transactivation, AR binding and aromatase assays showed no
effects of 24-D, predicting no interactions with the estrogen
or androgen pathways either as an antagonist or agonist.
There was no effect on testosterone level in the stercidogen-
esis assay. There was a statistically significant increase in
estradiol at the highest concentration tested in all three repli-
cates of the steroidogenesis assay; however, the magnitude
of the change was very low {1,2 fold) and did not meet the
1.5-fold cutoff criterion for an exposure-related increase
established in the steroidogenesis assay validation studies
{Hecker et al, 2008). Therefore, it was concluded that there
was no robust evidence for an exposure-related effect.

Published in vitro studies

In addition to the in vitro Tier 1 EDSP screening assays
described by Coady et al. (2014) and summarized above, six-
teen additional published in vitro studies investigating the
potential endocrine activity of 2,4-D were identified. Many of
these publications contain multiple assays. These are listed in
Table 4 and inciude: studies of ER and AR agonist and antag-
onist activity as measured in transactivation assays, assays of
ER, AR and progesterone receptor (PR) binding, tissue steroid
hormone production and the proliferation of estrogen-
responsive cells,

Studies with Klimisch scores of 1 or 2 are summarized in
Supplementary Appendix I B; other studies are summarized
in Supplementary Appendix V. Supplementary Appendix ¥
also provides a general explanation for the exclusion of
yeast-based assays, although these assays were reviewed.

ToxCast™ assays aof 2,4-D

EPA developed the ToxCast™ program as a high throughput
in vitro screen (HTS) using primarily proprietary assays to
screen for potential biological activity and to be used, in con-
junction with exposure information, to prioritize chemicals for
future testing. EPA has recognized that ToxCast assays offer
quantitative data informing the potential reactivity of sub-
stances with endocrine pathways and thus can serve as alter-
natives to current Tier 1 receptor binding, transactivation and
uterotrophic  assays (US EPA  2016). Regardless, the,
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Table 3. Results fram EDSP i witro studies of 2,4-D {data from indimdual study repans, published in Coady et ab. 20143

Concentration range Klirmsch Rationale for Klimisch

Study Assay and test system Punty 2,4 D tested Result scare score

LeBaron et al. 20114 Estrogen receptor (ER) 98 5% 1m0t Negative, non-binder ] Guideline compliant
binding assay (US o £R study; dose range
EPA pyua) with based on mamma-
uterine cytosol from lian TK data to be
Sprague Dawley rats below the TSRC

LeBaron & Kan X311 Estrogen transcrip- 98.55% 6 "0t Megative; no ER 1 Guidehne compliant
tionat aclivation transactivation study: dose range
assay {US EPA based on mamma-
200vh) with human lian TK data to be
ER+¥ Hela-9903 cells below the TSRC

LeBaren et al, 21" 1t Androgen receptor 98.5% 10710 tw Negative, nen-binder 1 Guidehine compliant
{AR) binding assay o AR study; dose range
[US EPA 0% ) with based on mamma-
ventral prostate lian TK data to be
cytasol fram below the TSRC
Sprague-Dawley rats

Coady & Sosinski 20111 Aromatase assay (US 98.5% 0 "-10 * M Megative, non-intubtor 1 Guideline compliant
EFA 30ut) with of aromatase study; dose range
human recombinant activity hased on mamma-
aromatase and lian TK data tc be
titrated below the TSRC
androstenedione

LeBaron et al. 211 °¢ Steroidogenesis assay 98.5% 10 "p M Small, significant | 1 Guideline compliant

{US EPA 200
with H255R cells

estradiol at 10 * M,
magnitude of
change less than
criterion used to
defing a pasitive
response n valid-
ation studies
{Hecker et al D0RY:
considered negative

study

proprietary methods used in ToxCast™ eliminate the oppor-
tunity to score study quality. However, ToxCast™ evaluates
possible endogrine-receptor-related interactions in multiple
assays, tncluding evaluation of potential binding at both
whole receptors and ligand-binding domains only, as well as
examination of both agonist and antagoenist activity in
reporter-based systems (Judson et al. 2010). An evaluation of
endocrine refated ToxCast™ assays (Rotroff et al. 2013) dem-
onstrated that:

ToxCast™ estrogen receptor and androgen receptor assays
predicted the results of relevant EDSP Tier 1 assays with balanced
accurgces of 091 {p-. 0.001) and ©92 (p- 0001, respectively.
Uterotrophic and Hershberger assay results were predicted with
balanced accuracies of 089 (p- 0001} and 1t (p. 00014,
respectively.”

A more recent analysis {Cox et al. 2614) using a case study
of HTS-derived models for predicting in vive androgen, estro-
gen and thyroid endpoints showed that the more robust
cross validation models {based on a set of endotrine
ToxCast™ assays and quideline in vivo endocrine screening
studies) have balanced accuracies from 79 to 85% for andro-
gen or estrogen pathway interactions, but predicted substan-
tially less accuracy for thyroid endpoints.

2,4-D purity was greater than 90% for all ToxCast™ assays.
ToxCast™ assays for 2,4-D included:

Cell-free HTS assays. 2,4-D was tested at eight concentrations
in the range of 0.00229-50 M at receptor proteins of relevance
to potential estrogen or androgen endocrine modulation. At
the seven receptor proteins tested, inhibition of radio-ligand

binding was less than 50% at all 2,4-D concentrations tested.
This includes at the bovine and human ERs; bovine and human
PRs; rat and human ARs; and human thyroid hormone recep-
tor-o. Additionally, 2,4-D tested at eight concentrations in the
range of 0.00914-20 uM exhibited less than 502 inhibition of
human aromatase enzyme activity.

Cell-based HTS assays. In the cell-based HTS assays, 2,4-D
was tested at 15 concentrations in the range of
0.0010-76.6 uM. Under these conditions, 2,4-D was considered
inactive for agonist activity at the human AR, human ER-x
and the human thyroid hormone receptor-B. Furthermore, it
did not block (or antagonize) the activity of established
ligands at these receptor sites.

Multiplex transcriptian reporter assay. 2,4-D did not acti-
vate chimeric transcriptional proteins containing ligand-bind-
ing domains for the buman AR, human ER-z, human
estrogen-related receptor-o, human estrogen-refated recep-
tor-y or human thyroid hormone receptor-a. The chemical
also did not activate transcription at a human estrogen
response element,

Aromatase. 2,4-0 did not inhibit aromatase activity.

Thyroid, Although the thyroid pathway-related ToxCast™
assays for 2,4 D were negative, it should be noted that EPA
has recently concluded that the ToxCast™ in vitro thyroid
assays are not predictive of all relevant thyroid modes of
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Table 4. Published in vitre assays refating to potential endocrine activity for 2,4-D.

Study

Assay ang Test system

Purity 2.4-0

Concentration range
tested

Result

Klimisch score

Rationale far Klimisch score

Blar et al. 000

Fang et al. #ue

Jung et al. 2004

Jungbauer & Beck
S

Kim et al. 2004

Competitive rat ER binding
assay in uterine tissue
homogenates from ovariec-
tomized Sprague-Oawiey
rats

Binding 10 recombinant rat AR

ER antagonist activity in yeast-
based reparter system

ER antagonist activity in yeast
two-hybrid system

AR+ 22Rv1 cell proliferation
with 2,4-D and its metabol-
ite DCP

Transactivation reporter assays
with AR+ 22Rv1 and AR-
PC3 cells

AR expression [MRNA and total
protein levels) in 22Rvt cells

AR binding assay in monkey
kidney CO5 cells

9%

Purity not specified; Suppher

iSupetca) produces analyt-

ical standards but also
mixtures

"Highest grade commercially
available”

Mot specified

> 08

=08%

=98%

~08%

"2 high concentrations
spanning 3 log
concentrations”

428 410 7228 -
0w

Not specified

Mot specified

100 210 C M

10 70 "M

10 "M24D:10 M
oCP

510 "M 1o
Sxip ' M

Negative

Negative

Megative

Megative

Neqgative with 2.4 D or
DCF alone, but
positive with 2,4-D
or DCPF wirh dihy-
drotastos-terone
{DHT} added

Megative with 2.4-0 or
DCP alone, hut
positive with 2,4-D
or DCP with DHT

Hegative

Positive [50%: inhib-
ition with both 2,4-
D and DCP)

3

Strengths: Well documented;
method close to validated
Guideline deugn; Weaknesses:
24-D speafic data not pro-
vided; Only tested at 2 concen
trations which were not
reparted

Adequate study but lack of infor-
mation an punry of 2,4-D

Weaknesses: concentrations tested
not reparted; possibly commer-
cial farmutation tested and
purity unspecified. Not rele-
vant/reliable: Yeast two-hyhiid
detection system

Weaknesses: concentrations tested
net reparied; punty unspeci-
fied. Mot relevant/reliable:
Yeast two-hybnd detection
system

Weakness: Lack of solvent only
controf; data for DHT alone
appears to have been gener
ated for a single subset of tests
only {set A in graphs); no
rationale for 10nM concentra-
tion of DHT added [possibly
supra physiological); measured
cell proliferation, which may be
stimulated by ER-independent
factors, induding epidermal
growth factar (based on infor-
mation in the ATCC website
{twewrw atce.org) for this particu-
lar strain of cells. See also
Stamkaski et al, 1999)

Weakness: Lack of solvent only
control; no rationale for con-
centration of DHT added (pos-
stbly supra physiological); only
one concentration of 24-D
tested in AR-PC3 cells,

Weakness: Single concentration of
2,4-D tested; Lack of solvent
anly cantrol

Weakness: Lack of salvent gnly
control; did not use reagent to
separate unbound from bound
ligand; evaluated limited num-
ber of test compound concen-
tratians; typical dose-respanse

trontinued}
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Table 4. &d

]

Studly

Assay and Test system

Purity 2.4-D

Concentration range
tested

Result

Klimisch score

Rationale for Klimisch score

Kojima et al. 100

Lee et al. e

Lemnaive ef al. 2006

Lin & Garry 2100

Hishihara et al. Jtiie

Crian of al. 7009

Muclear translocation in PC3
cells

Estrogenic and anti-estrogenic
activity in CHO cells transi-
ently transfecled with
human ER[

Androgenic and anti-andro-
genic artivity in CHO cells
transiently transfected with
human AR

Dual activity as ER agonists
and AR antagonists

Estrogentc actnaty in yeast
one-hybrid and two-hybrid
systems

Estrogenic and ant-estrogenic
activity in Hela cells stably

transfected with human ER»

of humnan ER-[}
MCF-7 proliferation

WMCF-T proliferation

Estrogenic activity using the
yeast two-hybrid system

Xepapus loevis ovulation and
ovarian steroidogenesis

{production of progesterone,

~9804

~95%

=95%

»95%

NR

~9504

24-D [reagent grade) 2.4-D
isooctyl ester (reagent
grade}

24-D LV4 (commercial grade
66.24% 2,4 O iscoctyl
ester}}; 2,40 amine {com-
mergial grade) 46.5% 24-D
dimethylamine salt

"Highest grade commercially
available”

=97%

10 10 ° M

10 %210 ° M

10 510 ' M

16 710 4 M

10 "M

0.1-10 g

0.1-10 pgfim,

MR

62510 © and
62510 ° M

Negative with 2.4-0 or
P alone, but
positive with 2,4-D
ar OCP with DHT

Negative

Negative

Negative

Wegative in cne-hybrid

system; Positive in
two hybrid system

Negative

Negative

Pasitive

Negative

Negative

curves for inhibition of receptor
binding were not observed,
even for the positive control,
suggesting a potentia! solvent
tvehicle) effec; biological
plausibility of findings poor
given lack of concordant hind-
ings in fn vivo studies

Weaknesses: Lack of solvent only
control; only single ¢oncentra-
tion 2.4-D tested; no rationate
for concentration of DHT
added

Strengths: Method very dose to
vahdated guidehine; well docu-
mented; pasitive control used;
weakness: specific respanse
data for 2,4-0 not provided.

Strengths: Methotd very close to
validated guidehine; weli docu-
mented; positive cantrol used;
weakness: specific response
data for 24-0 not provided

well documented but method not
farmally validated. Weakness:
specific response data for 2,4-D
not provided

Weakness: test material uncharac-
terized.

Mot refevant: Yeast one-hybrid
and two-hybnd detection
system

Weakness: Only one concentration
tested, otherwise adequate
guality

Weakness: MCF-7 cell line may
provide vanahle respanses and
result may not be specific for
estrogenicity {Odum et al.
Juys)

Weaknesses: Results in commer-
0al grade materials appear
confounded due te formulation
excipients as reagent grade
matenals did not show effects;
MCF-7 profiferation may be a
non-estregen specific respanse
and cell line may provide
markedly variable responses
{Odum et al. 1498}

Weaknesses: formulation and test
material purity not character-
ized concentrations tested not
reported; Not relevant: Yeast
two-hybrid detection system

Weaknesses: Methods not specific
regarding stage of ococytes
used {ranges given] or how

{eantinued}
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Table 4. ..Aed

Study Assay and Test system

Concentration range
Puriry 2.4-0 tested

Result Klimisch scoe

9

Raticnale for Khimisch score

restosterone and estradiol)

ER and AR agunist and antag
ONist activity 1n yeast
Petit et al. 1907 ¥TG in mBNA expression in
primary hepatocyte cultures
derived from male rambow
trout

|i-galactosidase activity in
yeast cells stably transfecred
with rainbaw trout ER

ER rompettive binding assay
in yeast cells stably trans
fected with rainbow trout
tR

Estrogenic agtivity by measur-
ing MCF-7 proliferation

5010 el af, 1wis

Sum er gl 2017 Estrogenic and anth-gstregenic

activity in Vero cells

Androgenic and anti-andro-
genc activity in Vero celk

Agonist and antagonist activity
to TR in Vero cells

Campetitive binding to ER and
PR extracted from the owi-
duct tssues of adult fermale
alligators

Yomer et al. [Yua

97,

HR

KR

NR

NR

<99%

.9%

]

A

4510 "-1-10 ' M

10 * M

10 10 M

0 tM

HR

0.003-30ma/L

¢003-30mgiL

0.603-3.0 mg/t

NR

Negative 3

Eguivocat 3

Negative 3

Negative 3

Negative 3

Negative 2z

Negatwve for androge- 2
ity of anti andro-
genicity; at 3.0 mg/L
increased the
effects of testoster
one (in anti-andra-
genic assay); ather
CONCENTTATIONS
negative

Negative 3

Negative 3

these were distabuted to the
test wells; methods not specific
reqarding number of repiicates
or criteria for accepting or
rejecting replicate findings:
non-vahdated assay: only twe
concentrations tested

Weaknesses: Not relevant: Yeast
assay; olhenvise well reported
and canducted

Weaknesses. Onby tested at a sin-
gle congentration; (e$T materal
uncharacterized VTG mAMA
expresston only 8% increase
compared to control {cannot
determine if ineffective ar
weakly responsivel,

Weakness: test materral uncharac-
terized: Mot relevant Yeast-
based system

Weaknesses: only tested at a sin-
gle concentratian; test matena!
uncharacterized: Not relevant:
Yeast-based system

Weaknesses: test matenal unchar-
actenzed and concentrations
tested not repored; MCF-7 cell
line may provide markedly war-
able responses {Odum et al
1)

Well-conducted and reported
assay. Rationale for dose selec-
tion questicnable; high dose
exceeds potential human
exposure althcugh it falls
withmn the lingar TK range

Well-conducted and reported
ossay. Rationale for dose selec-
uan questipnahle, effect seen
ondy at 30mg/L which exceeds
predicied concentrations for
potential humarn exposure
although 1t falls within the lin-
ea; TK range: biclogual rele
vance of the finding
questionabie as the test was
desngned 1o measute anti-
androgenic activity rather than
potentiation or androgenic
activity

wWeil-conducted and reponted
assay; however In vitro thytoid
assay model not validated

wWell-conducted study with posi-
tve control, Weaknesses: con-
centrations tested not
reparted.

(=) ADOIOIIXOL NI SMAIATY TDILID
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action in in vivo studies (Rotroff et al. 2013), concordant with
findings in Cox et al. 2014.

Reif et al. (2010) provides a "Tox-pi” diagram for 2,4-D
which confirms that the full range of endocrine-related
ToxCast™ assays for 2,4-D were negative.

Based on the multiple assays and consistency of resuits
with in vive and in vitro studies of 2,4-D, the ToxCast™ pro-
gram endocrine-relevant results are considered supportive for
concluding 2,4-D is not likely to show potential interactions
with either the estrogen or androgen pathways, These data
are consistent with the regulatory {EDSP Tier I} in vitro data
and with the majority of in vitro studies of 2,4-D in the pub-
lished literature.

Ecotoxicological studies of 2,4-D relevant to
assessment of potential endocrine pathway
interactions

The AMA and FSTRA conducted to meet EDSP Tier 1 screen-
ing requirements, and a one-generation reproductive toxicity
study in quait (Mitchell et al. 2000) conducted to meet prior
regulatory testing reguirements, provide the most relevant
and substantive ecotoxicological data for studying the pos-
sible endocrine activity of 2,4-D. These studies are briefly
summarized below for ready reference. Specific data are pro-
vided for the quail study because this study was unpublished
and it is the only relevant bird study identified. Further
details on these studies may be found in Supplementary
Appendix Il and, for the frog and fish assays, in Coady et al.
2013, Regufatory and published studies with Klimisch scores
of 2 or higher that are refevant to evaluation of potential
endocrine interactions are summarized in Supplementary
Appendix lll. Studies with lower Klimisch scores, or those
adequate studies that were found not to include relevant
endpoints, are summarized in Supplementary Appendix VI,

Coady et al. 2010 {published in Coady et al. 2013)

The study design of the AMA (Coady et al. 2010) corre-
sponded with guidelines: OPPTS 890.1100 (US EPA 20090 and
OECD 231. In brief, African clawed frog {Xenopus lagevis) tad-
poles were exposed to 2,4-D (98.6% purity} under continuous
flow-through conditions for 21 days. Nominal test concentra-
tions of 0, 0.4, 4, 40 and 100 mg/L were tested, with the high
concentration selected based on prior acute toxicity studies,
and equivalent to a limit concentration in the guideline.
Concentrations were monitored over the course of the study.
Although decreases from the nominal concentration {prob-
abiy due to biodegradation} were noted, particularly at the
lowest concentration tested, the concentrations tested were
well documented and the study is considered valid with a
Klimisch score of 1 for this guideline compliant study. The
mean measured concentrations of 2,4-D in this assay were
0.273, 3.24, 38.0 and 113 mg/L for the 04, 4, 40 and 100 mg/L
nominatl concentrations, respectively.

There was no indication of systemic toxicity in this study,
with no effects on survival, clinical signs or body weights
{evaluated days 7 and 21). There were no effects on days 7

or 21 on snout-vent length, Nieuwkoop and Faber (1994)
developmental stage, hind limb length {normafized to snout-
vent length or asynchronous development]. There were no
exposure-related findings on histopathological evaiuation of
the thyroid following necropsy on day 21. In sum, there were
no biolegically significant exposure-refated effects on the thy-
roid gland or the morphological endpoints of this assay
under thyroid control {hind limb length and developmental
stage), and there is no evidence of a potential interaction
with the HPT axis in this Tier 1 EDSP AMA tested to the assay
limit concentration of 100 mg 2,4-0/L.

Marina et al. 2010 {published in Coady et al. 2013}

Marino et al, 2010 tested 2,4-D in a FSTRA {US EFA 20094g).
The study was conducted in compliance with OPPTS
890.1350 and OECD 229. Sexually mature fathead minnows
{Pimepholes promelas) were exposed to 2,4-D (98.6% purity)
under continuous flow-through conditions for 21 days at
nominal concentrations of 0, 04, 4, 40 and 100mg/L. The
high concentration was sefected based on acute toxicity tests
and an early life stage test with fathead minnows (Alexander
et al. 1983; Mayes et al. 1990); and also represents a limit
concentration for the assay. The negative control was
untreated laboratory diluticn water. Although decreases from
the nominal concentration (probably due to biodegradation)
were noted, particularly at the two lowest concentrations
tested, the concentraticns tested were well documented and
the study is considered valid with a Klimisch score of 1 for
this guideline-compliant study.

Results are summarized in Table 5. The only statistically
significant finding compared to the controls was a
decrease in fecundity {considered a non-specific finding)
among fish exposed to the highest concentration of 2,4-D.
In the absence of effects upon other more specific endo-
crine-mediated endpoints, the isclated effect on fecundity
at 100mg ai/L is considered most likely to reflect sys-
temic toxicity and a generalized stress response. This con-
centration is relatively high (approximately 1/3 of the
acute LC50 value in fish), is the limit concentration for
the FSTRA, and is a concentration which exceeds the max-
imum acceptable toxicant concentration (MATC) for larval
fish survival in an early life stage toxicity test with fathead
minnows {Mayes et al, 1950},

In conclusion, 2.4-D does not appear to interact with the
estrogen, androgen or steroidogenic pathways, or with the
HPG axis in fathead minnows tested up to the limit concen-
tration in this EDSP Tier 1 FSTRA.

Mitchell et al. 2000

An avian single generation reproductive toxicity study
{Mitchell et al. 2000} of 2,4-0 showed no systemic toxicity to
quail and a lack of potential endocrine-related effects. This
study complied with Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA) Guideline 71-4 and OECD Guideline
206 and was conducted under GLP, and is therefore scored a
Klimisch 1.
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CRITICAL REVIEWS IN TOXICOLOGY @ 15

Table 5. Summary: fish short-term reproduction assay with 2,4-D {Marino et af. "u10).

Nominal cancentration of 24-D

mg aedl) 04 40 40 100

Mean measured concentration

of 2,4-D (mg a.efl) 0.245 114 340 965 Interpretation

Systermic toxicity

Survival N N N N No effect. One high dose death, not likely to be
exposure-related,

Clinical signs N N N N No effect. No abnormal behavior or coleration
was observed,

Body weight M H N N N No effect

Body weight F ] N N ] No effect.

Feed consumption N N N N No abservations noted,

Body length M N N N N No effect.

Body length F H N N H No effect

Fertilization success N N N N No effect; no difference between groups in num-
bers of fertilized eggs.

Fecundity N N N v May be associated with stress; high concentration
exceeds larval maximum acceptable toxicant
concentration (MATL) in an early life stage
study with £ promefas

Estragen pothway - patentially indicative endpaints

Huptial tubercles M N N M N No effect in #; present in males in equivalent
numbers between contral and dased groups.

Gonadal somatic index {GSI} M N N N N No effect.

GSiF N M M N No effect,

VG M N N N N No increase ¥TG in males.

VIG F N N N N Ng increase of decrease VTG in females,

Gonadal histopathology H N N N No effect in M or F The pattern of predominant
germ cell distribution (slaging) in testes and
oviries was comparable between the controls
and all dosed groups.

Androgen pathway - potentially indicative endpoints

Huptial tubercles M N N N N Ne effect in M; present in males in equivalent
numbers between control and dosed groups

Nuptial tubercles F N N N N Not present in fernales normally; none observed.

GSI M N N N N Mo effect.

GSIF N N N N Ne effect.

VTG M N N N H Mo alteration in M VTG,

¥TG F N N N N No alteration in F VTG,

Gonadal histopathology N N N N Ne effect in M or F. The pattern of predeminant

germ cell distribution (staging) in ovaries and
testes was comparable between the cortrols
and all dosed groups

N: no effect; M: male; F: female,
| Statistically significant decrease (p < 0.05) compared Ko control.

24D acid (96.9% pure) was administered to adult
Northern Bobwhite male and femate quail (Colinus virginia-
nus} for 21 weeks via the diet at 0, 160, 400 and 1000 ppm.
The high dose level complies with the limit dose recom-
mended in OECD Guideline 206. The no-observed effect con-
centration for northern bobwhite quail exposed to 2,4-D acid
in the diet during the study was 1000 ppm, the highest con-
centration tested. There were no effects on mortality, clinical
signs, body weight or feed consumption of adult hirds and
no exposure-related findings at necropsy. Two high-dose
deaths were attributable to injury. Other results are surmnmar-
ized in Tahie 6 below. Slight but statistically significant
decreases in the percent of hatchlings/eggs set and 14/day
survivars/eggs set and a non-statistically significant decrease
in the mean percent of viable embryos as a percent of eggs
set were observed at the low dose. These findings were
attributable primarily to one pen, in which no eggs were fer-
tile, and the male showed quiescent testes at necropsy. This
fact and the lack of dose response led to the conclusion that
this finding was not exposure-related. Eggshell thickness was
statistically significantly increased at 400ppm; primarily

atrributable to results from one pen with an efevated egg-
shell thickness. This finding was not considered exposure
related based on the slight nature of the finding, the attribu-
tion to one pen and the lack of dose response. This study is
considered valid; it predicts a very low hazard of reproductive
toxicity of 2,4-D to birds and a low likelihood of endocrine-
related effects on birds,

Review of studies for study quality

The EDSP Tier 1 ecotoxicological studies, one-generation quail
and published ecotoxicotogical studies identified as possibly
relevant to assessment of potential endocrine pathway inter-
actions are tabulated in Table 7. There were no findings in
the regulatory toxicological studies considered likely to reflect
endocrine pathway interactions. A series of studies by Crain
et al. {1997; 1999} was considered wvalid; these studies using
2,4-D applied to alligator eggs was validated with a positive
control and showed no effects of 2,4-D {summarized in
Supplementary Appendix Ill}. Other studies are summarized
in Supplementary Appendix Vi.
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Table 6. Results in one-generation quail reproductive toxicity {(Mitchell et ai. 2000).

Dose {ppm} Cantrol 160 400 1000
Number of replicates 16 16 16 4
Total eggs {aid 746 788 763 638
Eggs laid/maximum faid () 75 80 77 74
Viable embryos/eggs set (%o} 91 76 95 g1
Live 3-week embryos/viable embryos (%) 99 98 99 99
Hatchhngs/live 3-week embryos |%4] 95 a1 a2 94
14-Day survivorsfhatchlings (o} 94 96 95 93
Hatchlings/eggs set (%) 85 53¢ 86 86
14 Day survivors/eggs set (9o} 20 65" a2 80
Hatchiings/maximum set [%) 64 55 67 &0
14-Day survivorsfmaximum set (%) 60 52 64 56
Mean {x SD) eggshell thickness (mm} 02260016 02280010 0.2397+ 0015 0.232+£0.232
Eggs cracked/eggs laid |} 1 2 1 3
Mean (£ SO body weight hatchlings ig) 6x0 6x1 60 6x0
Mean {+ SD) body weight 14-day survivors (g) 62 63 Hx2 W6Br2

'p - 0.05

Mammalian toxicological studies of 2,4-D refevant
to assessment of potential endocrine pathway
interactions

Selection of requlatory mammalian toxicology studies
for inclusion in review

Regulatory (unpublished) mammalian toxicity studies of 2,4-D
acid conducted for pesticide registration purposes were
reviewed. Fourteen studies with the most relevant endpoints
for evafuation of potential endocrine toxicity and most com
prehensive reporting were selected for this WoE evaluation.
Data from several of these studies have also been published;
citations to both the reports and publications are provided.

These studies inciuded, most critically, an EOGRT study of
24-D {Marty et al. 2010 published in Marty et al. 2013)
which, as noted, used TK data to inform dose selection, and
which included multiple endpoints specifically added in con-
sultation with the US EPA and the Canadian PMRA to provide
additional information on potential endocrine interactions of
24-D with the estrogen, androgen or thyroid pathways. At
the time this study was conducted, the guideline for an
EOGRT study was still under development; however, based
on the extensive vetting of the study design, similarity to the
adopted test guideline, and involvement of two regulatory
authorities in both the study design and critical decision
points, it met all the objectives of the current QECD (20124)
study guideline (443).

Other selected reguiatory studies include:

« US EPA Office of Pesticide Program (OFPF) 83-4 guideline
two-generation reproductive toxicity study {Rodwell &
Brown 1985}

e OPP 83-3 guideline developmental toxicity study in rats
(Rodwell 1983; Charies et al. 2001}

e OPP 83-3 guideline developmental toxicity study in rab-
bits {(Hoberman 1990; Charles et al, 2001);

« OPP 82-1 guideline 13-week rat subchronic toxicity study
{Schulze 1991a; Charles et al. 1996a)

¢ non-guideline 13-week rat subchronic toxicity studies
{Gorzinski et al. 19814, 1931b};

s QPP 83-5 quideline two-year rat chronic toxicity/oncogen-
icity study (Jeffries et al. 1995; Charles et al. 1996¢);

e« OPFP B2-1 guideline 13-week mouse subchronic toxicity
{Schulze 1991b);

s OPP 83-2 guideline-equivalent mouse oncogenicity evalu-
ations (Stott 19954, 1993b; Charles et al. 1996¢);
OPP 82-1 non-guideline 13-week dog subchronic toxicity
study (Schulze 1990

e OPP 82-1 guidefine 13-week dog subchronic toxicity
(Dalgard 1993a; Chartes et al. 1996b); and

s OPP 83-1 guideline dog chronic toxicity study {Dalgard
1993b; Charles et al. 1996h).

The regulatory mammatian toxicological database provides
an opportunity to evaluate consistency of responses across
species and strains, and also across exposure durations.

The Tier 2 EDSP-equivalent EQGRT study (Marty et al
2010; published in Marty et al. 2013) and the two-generation
reproductive study findings {(Rodwell & Brown 1985) are
briefly summarized in this section because these two studies
provide by far the most comprehensive and refevant end-
points for evaluating the potential EAT and stercidogenesis
interactions of 2,4 D.

Subsequently, other subchronic and chronic mammalian
regulatory studies and studies identified in the published lit-
erature are tabulated and scored for study quality. Further
details on these studies may be found in Appendix IV for
studies considered to meet Klimisch criteria 1 or 2, and in
Appendix VIl for studies considered to meet Klimisch criteria
Jord

The primary caveat regarding requlatory studies cther
than the EQGRT, and the majority of the published mamma-
lian toxicological studies is that the high dose level was
based on {or in some cases exceeded) a classic maximum tol-
erated dose {MTD)] and far exceeds the TSRC. High dose level
findings above the TSRC are presented but, as discussed in
the Intreduction, are not considered relevant for human haz-
ard characterization or risk assessment.

Additicnally, as discussed previousiy, information from the
dog studies is not considered relevant for human risk assess-
ment because the dog lacks an effective organic acid renal
transport mechanism (Timchalk 2004); however, data from
the dog studies are included because they may be useful in
predicting potential effects on other species lacking an

Page 20 of 141



el o 17 abeg

Tahle 7. 2.4-D ecoroxicological studies possibly relevant to assessment of potential endocrine interactions,

Concentration ran ge

Reference Assay and test system Punty 2.4-D tested Result Klimisch score Klimisch score rationale
Amphibians
Coady et al. X110, Amphibian metamor- 958.6% 0.4-100mg ae/L Ho exposure-related effects 1 Guideline and GLP compliant study; tested
{Coady et al. 2(13) phosis assay 1US to limit concentration
EPA 2004, QECD
231}, African clawed
frog tadpoles
exposed in continu-
ous flow-through
system for 21 days.
Aronzon et al. 2! South Amencan toad 99% 24-0 di-butyl 1-15mg/l. 2,4-0 DBE “Teratpgenic™ to toads 3 Mo contrels were included in this study;
exposed 1o 2,4-D ether for continuaus results cannot be interpreted
DBE or formulated exposure
product either
through embryg-
genesis of In pulsed
exXposures
Heggstram i Wood frog tadpoles in 9% 2,4-D 0.1-100 pg/t Hegative for survival, deform- 3 High non-exposure retated mortality
MICIGCOSMS dimethylamine ities, effects on time 1o
exposed to 2,4-D metarmorphic climax; total
dimethylamine length decreased in mid
dose group only; no effect
on plasma carticosterone
levels
Heqgstrom M= Wooed frog tadpoles 1n g0, 2.4-D 10 g/t Tadpoles from the agncultural 3 Control tadpoles from the two ponds
field ponds lagricul- dimethylamine pond in the absence of 2.4- showed some marked differences; only
tural and forestad) D dimethylamine and tad- one concentration level evaluated
exposed to 24-D poles from the agricuitural
dimethylamine pand applied with 10 pg/L
2.4-0 dimethylamine gave
similar results In the meas-
ured endpoints
Stebbins-Boaz et al. Xenopus oacytes HR 0.6~2.43 g/L Germinat vesicle breakdown 3 Wechanistic study; extremely high doses;
20 exposed to 24-0 [2.5-10mM} inhitited purity not reported
sodium salt
LaChapelle et al. 2007 Xenopiss oocytes HR 2.43g/L (10 mM) Irreversible dysfunction of mer- 3 Mecharustic study; only one extremely high
expased to 2.4-0 gtic signaling dose evaluated; purity not reporteg
Morgan et al. “'mn Frog embryo terato- Commergial 180-270 mg/L. Teratagenic only at high 2 Adequate study but irrelevant to evaluation
genic assay in formulation [99%!] concentrations of potential endocrine effects; formula-
Xenopus tion tested
Vardia et al. 1944 Indian tadpales HR 7.5-11mg/L 56-h LCqp: 8.05 mg/l 4 Experiment not described in detail; lacks
exposed to 24-0hin information on potential endocrine
a static renewal effects
exposure system
Fish
Maring et al. D01k Fish shart term repro- 98.6% 04-100mg ae.fL Mo interaction with endogrine 1 Guideline and GLP compliant study; tested

(Coady et al. 2013

duction assay
{OPPTS 830.1350,
OECD 229, US EPA
20n9g). Adult fat
head minnows were
exposed via con-
tinuous flow-
thraugh for 21

pathways; decreased

fecundity at hughest concen-

tration tested attributad to
systemic toxicity

to limit concentration

icontinued)
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Table 7. Continued

Reference

Assay and test system

Purity 24-D

Concentration range
tested

Result

Klimisch score

Klimisch score rationale

Holcombe et al. o905

Holcombe et al. 1995

Holcombe et al. * i

Kog & Akbulut 2H2

Padillz et al. '3

Rehwald ot al. 1977

Refrwold et al. 1477

Retwold et al. 1977

Xie et al. Mons

Awvian
Mitchelt et al. 2000

days.

Acute larval suraval
and growih tests in
lapanese Medaka
exposed to 2,4-D
acd

Chrenic larval survival
and growth tess in
lapanese Medaka
exposed to 24-D
dcid

Chronic larval survival
and growdh tests in
lapanese Medaka
exposed to 24-D
acid

Acute toxdiry 10 ovary
of zebrafish

Zebrafish devetopmen-
Lal screering assay
in zebrafish
embryos exposed o
2,4-0

Acute toxicITy tests
with striped bass,
the banded kiflifish,
pumpkinseed, white
perch, Amencan eel,
carp, and guppy
exposed to 2.4-0

Chraonic toxicity tests
with striped bass,
the banded killifish,
pumpkinseed, white
perch, Amencan eel,
carp, and guppy
exposed to 2.4-D

Breeding effects an
quppy chronically
exposed 1o 2,4-0

Juvenile rainbow trout
exposed 1o 2.4-D
dimethylamine in
static test system

Avian single gener-
ation reproductive
study i Northern
Bobwhite quaill. US
EPA OPP 71-4;

999 2.4-0 aad

9% 24D aod

9% 2.4-0 aad

NR

90

NR

NR

NR

NR

96.9%

567-8970mgvl

27.2-225mgil

2.37-60.2mg/l

0.1 1mg/L

0.0071-80 uM

NR

0.1 mg/L

0.1 mgiL

(.00164—1.564 ma/L

160, 400, 1000 ppm
{He mg/ka/d dose
calculated;

96-h LCqy: 2780mg/L 24-0
Acid

Survival and growth reduced
at 56.5 mg/l

Survival and growth reduced
at 60.2 mg/L

Owvarian histopathological
changes and atretic follicles
following & days exposure

Negative in concentration
range study, weak positive
In single high concentration
study

96-h LGy, ranged from
26.7mg/L (banded killifish)
to 300.6 mg/L {Amencan
ael}

Mo cheervable physiclogical
symptems

No ghservable physiological
symptams

VTG levels significantly greater
at 0.154 and 1.4 moy/l

Mo treatment-related effects
including on potentially
endocnne refated
parameters

Adequate study but no specific endocnine
endpoints evaluated

Adequate study but no specific endocnne
endpants evaluated

Adequate study but no specific endocnne
endpotnts evaluated

Source and purity not defined; report says
2,4-D “available as a formulation” so
possible a formulation was tested; meth-
ods not well defined; potential section-
ing armifacts i slides

Reported hindings too non-specific to be
useful for Wok

Experimental detail not prowided; fish field
collected

Expenmental detail not provided: Fish field
collected

Expenmental detall not provided

High variability; small sarmple size, sex of
fish not determined, purity of test
material not reporned

Guideline compliant

[continued)

W1 WINHE = sl




Lv} JocZ afeg

Table 7. Continued

Reference

Agsay and test system

Purity 2,4-D

Concentration range
tested

Result

Klimisch score

Klimiseh wcore rationale

Somers et al. 1974

Samaers et al. 147t

Sormers et al. T4=h

Reptiles
Crain et al. tw7

Crain et al. yuuw

Spiteri et al, 1999

Muxed species
Relyea 2y

OECD Guideline
206; Subjects
exposed vig diet for
21 weeks

Ferulized hen's eggs
exposed 1a 2,4-0 by
spraying

Hens and cockerels
exposed 1o 2 4-0 by
SpIayIng

Hens eggs exposed 1o
2,4} by spraying

American alligator
eggs exposed topic
ally 10 24-D prior
o sexual
differentiation

Amercan alligater
eggs exposed 10pic-
ally to 2.4-0 prior
to sexual
differentiation

American alligator
eqQs exposed topic-
glly to 2.4-0 pnar
to sexual different
ation, at two
ternperatures

Algal mirocosms and
other microcosms
containing 25 spe-
Lies exposed 1Q
240

NR

Formulation punty MR

Formuiatien pusity NR

97 6%

97.6%

97 6%

Formulatron 144.5%)

7.8-34 kg'ha and
44 & kg/ha

111.2kg'ha

111.2kgrha

0.14-14 ppm

0.14-14 ppm

0.14-14 ppm

©.117 mu/m®

No moralities i gvo, 2t pip.
ar at hatch; no weight gain
effects

Mg effect on chicken reproduc-
1Ion in vengus endpoints
measured

No effect on hatcmng success.
weight gan, or mortality,

No effects on sex reversal,
plasma steroH cancentea-
tions. gonadal aromarase
acvity

Ng effects on hepatic aroma-
tase activity of testicular
huistopathology

Ne effects cn sex reversal,
hepatic aromatase activity
of gonadal histopathology

No effact on community diver-
sity. survival. or Biomass

Non-canventicnal method of application;
purity not reported: no positive controk
evidence of poor absorption into the
egqg content

Non-conventianal method of application;
formulatinn; :.mgle roncentration and
purity rae reported; no posinve contrak;
evidence of poor absorprica into the
eqg cantent

Nan-canventicnal method of application.
formulation; single concentration: punity
not reponad, no positive contiol; evi-
dence of poor absompuon wto the eqg
content

Non-conventional study daesign; validated
with estiadiol positive cantral

Non-conventional study design; validated
with estragrol poative control

Nan-canventignal study design; vahdated
with estradiol pesitive cantrol

Formuiation tested and single concentra-
tion; Mo specific endedrine endpaints
evaluated

NR: not reported.
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effective OAT 1 transporter {if any} in the environment and
because they provide information suggesting that the thyroid
findings far 2,4 O may be rodent-specific.

Marty et al. 2010 (published in Marty et al. 2013)

The EOGRT study of 2,4-D (Marty et al. 2010, published in
Marty et al. 2013) was specifically designed to provide suffi-
cient information to assess whether endocrine targets are, in
fact, altered with in vivo exposure, and to pravide the basis
for robust fisk assessment of 24-D, including risk assessment
protective for any potential endocrine effects. This study
design provides a reliable basis for establishing the potential
of 2,4-D to interact with the estrogen, androgen or thyrcid
pathways and is considered a Tier Z-equivalent EDSP assess-
ment. The OECD {2012b) considers the EOGRT study a prefer
able methad for evaluation of in vivo endocrine disruption in
that it evaluates endocrine-sensitive endpoints not found in
conventional 2-generation bicassays. This study is assigned a
Kiimisch score of 1.

As discussed in the Intraoduction, this study used extensive
TK informaticn on 2,4-D to set doses. Based on blood levels
obtained during the EOGRT study, the high dose in males
{800 ppm) adequately approximated or slightly exceeded the
TSRC, but the high dose in females {600ppm) clearly
exceeded the TSRC.

A summary of the study design and discussion of results
and endocrine-related parameters is included in Appendix IV,

EOGRT study key parameters and findings are summarized
in Table 8.

In conclusion, there was no evidence of adversely altered
endocrine function in a comprehensive EQGRT study of 2,4-D.
Slight adaptive effects were seen on thyroid harmane
homeostasis at the high dose in a single life-stage, at a dose
exceeding the TSRC and not relevant for human risk
assessment.

Rodwell and Brawn, 1985

This study was a two-generation OPP 83-4 Guideline
reproductive  toxicity study in  Fischer 344 rats. 24D
{97.5% purity) was administered in the diet at nominal
dose levels of 0, 5, 20 and 80mg/kg/day (30/sex/dose) for
one full generation and at 0, 5 and 20mg/kg/day far the
second generation. The 80mg/kg/day group was dropped
after the first generation because it exceeded a MTD,
based on excessive mortality among the Fib pups follow-
ing a mis-dosing during gestation and lactation. The mis-
dosing resulted in all groups of Flb dams and pups
being exposed to greater than nominal doses; high-dose
dam exposure was 100mg/kg/day. There was no dose
concentration adjustment in this study and the high dose
exceeded the TSRC. Because of the mis-dosing and several
study deficiencies, this study is scored a Klimisch score of
2. Details on the study are provided in Supplementary
Appendix IV; a summary of key parameters evaluated and
results for the Rodwell and Brown (1955) study are pre-
sented in Tablc 9.

In summary, there were no robust indications of inter-
action with the estrogen or androgen pathways in this study;
thyroid function was not evaluated.

A summary of regulatory developmental, subchronic and
chronic toxicity studies foliows in Tabie 10, and published
mammalian toxicological studies in Table 11.

The key points from the mammalian regulatory develop-
mental, subchronic and chronic toxicity studies (Table 10}
and published toxicological studies (Table 11} are:

e 24-D has not been shown to have exposure-related
changes in endpoints potentially related to EAT pathway
or steroidogenesis endpoints at doses betow the TSRC in
high quality studies, including in a comprehensive
EOGRT. Findings at higher {in most cases much higher)
doses are not considered relevant to human risk
assessment.

e No data provide robust indications of interactions with
the estrogen or androgen pathways or with steroidogen-
esis. Adaptive effects on thyroid parameters are seen at
doses exceeding the TSRC in rodents, but not in dogs.

s Developmental and subchronic toxicity studies of 24 D
esters and amines show no unique endgcrine related tox
icity and results are generally consistent and predictable
based on the acid studies. Note that these compounds
break down rapidly to the acid form.

Occupational and epidemiological investigations
Male reproductive heaith

Lerda and Rizzi, 1991

Thirty-two farmers occupationally exposed to 24 D and 25
non-exposed controts were studied for the following repro-
duction-related effects: ejaculatory volume, sperm count,
sperm metility and sperrn morphology. Exposure level was
estimated by measuring the concentration of 2,4-D in the
urine, Mean 2,4-D concentrations were 9.02 milligrams per
liter (mg/L} in the exposed group, while 2,4-D was not detect-
able in the control group.

The investigators reported that the incidence of astheno
spermia, necrospermia and teratospermia were greater in the
exposed group, and that sperm motility was decreased.
However, many study-specific details were not reported,
including background of controls, number of participants
excluded due to spermatogenesis-affecting heaith conditions,
method used in “"consideration” of external factors, detection
limit for 2,4-D in urine, time period of urine collection and
ranges of sperm parameters and 2,4-0 urine leveis evaluated
{only means provided in the paper). The selection of controls
appeared inappropriate, as comparison was to workers in the
field exposed to 24-D, but the controls were not agricultura!
workers or doing similar field work. Field work involves
exposure to other factors {e.g. increased temperature, dusts
and allergens) that could potentially alter sperm parameters.
In addition, no attempt was made to correlate 2,4-D urine
levels with any specific sperm parameter changes or anoma-
lies. Therefore, this study is considered too limited in scope
and relevant details, and is not considered to provide reliable
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Table 8. Fl-extended one generation dietary toxicity study summary table {(Marty et al. M00).

CRITICAL REVIEWS [N TOXICOLOGY @ 21

Dose {ppm) 100 300 GOOF /800
Targeted ma/kg/day doses 5 15 30F/40M Interpretation
Systermic oty
Monality N N M Mo exposure-related morality i any group
Live birth index N N N No effect
Mean number of pups N N L] No effect
Clinical signs N N N No effect
Body weight W N Decreased P1 F bw during lactation; decreasad
F1 pup weight
Feed and water consumption N N |P1F Decreased P1 F feed consumption during
lactation
Liver weight N N N No effect
Kidney weight N |F1F IPiMand F,F1F Exposure related; very shght and considered
non-adverse at 300 ppm
Kidney histapathaology M Fi M P M FIMandF Exposure related; very slight and considered
non-adverse at 300 ppm
Estrogen pothway-potentially mediated endpoints
Sexual maturation {vaginal N N N No effect F1
opening)
Ang-genital distance M N M Mo effect F1
Mipple retention {malet M N M Wo effect F1
Estrous cycling N N N No effect P or F1
Femate mating N N N Wo effect F
Mean duration of gestation N W N Na effect P
Gestation index N N N No effect P
Pup sex ratio N N N Mo effect F1
Ovanes [paired) weights M N N No effect P or F3
Differential ovarian folhcle N N N No effect F1
count
Uterus weight w oviducts and N N i) Non-statistically significant; increase within
cervix HCD; stage of estrus uncontrolled at nec-
rapsy, estrous cyclicity not changed; conclu-
sion no effect P or F1
Uterine histopathology N N N Ne effect P or FI
Crwarian histopathology N N N Mo effect P or F1
Vaginal histopathology N N N Ne effect P or F1
Androgen patfrway-potentially mediated endpoints
Sexual maturation (preputial N N [{NI Slight delay F1 M aitnbuted to decreased
separation) bady weight before and post weaning (arti-
facl from group assignments)
Sperm patameters N N M No effect P or F1
Male fertility N N N No effect P
Epididymis weight N N N Ne effect P or FI
Testicular weight N N NP No effect P or F1 adults
ANY P FY pups; Decreased testis weights in F1 PND 27 pups at
N F1 adults high dose strongly correlated with
decreased body weight; did not persist in
adults
Prostate weight N N JANJPILNFY P1 prostate weights not statisically different
from control; decreases not considered
exposure related because the absolute and
relative prostate weights in the control
group were atypical, exceeding the labora-
tory HCD ranges; not seen in F1
Seminal vesicles with coagulat- N N UM PN F1 P1 males decreased seminal vesicle weight not
ing glands weight considered exposure-related because the
absolute and relative seminal vesicle weight
in the cantrol group were atypical, exceed-
ing the laboratory HCD ranges; not seen in
F1
Testicubar histopathology N N M No effect F or 1
Prostate histopathology N N N No effect P or F1
Epndidymides histopathology N N N N effect F or FI
Semninal vesicle histopathotogy N N N No effect P ar FA
Coagulation gland N N N No effect P or F1
histopathology
Thyrowd pathway-potentially mediated endpomts
T3 N N .GD17 satellite F Ne adverse findings; respanse 1n dams consig-
N Other life stages ered adaptive
T4 N N GO satellite F No adverse findings; respanse in dams ¢onsid
N Other life stages ered adaptive
T5H N N *GOT7 satelhte F No adverse findings; response in dams consid-
N Other life stages ered adaptive
Thyroid weight N N N No adverse findings
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Table 8. Continued

Dose (ppm] 100 100 &00F/300
Targeted mg/kg/day doses 5 15 30F/40M Interpretation
Thyrond histopathalogy N N Colloid depletion GD 17 F Adaptive response 1n GD 17 satellite female
N Other life stages dams consistent with decreased thyroxine
at high dose; not considered adverse
DNT effects {(Functional observa- N N N Mo effects [assessed in F1 cohan)
tional batlery, motor acuvity,
starite, histopathology)
Brain rmorphametry or N N N Mo effects [assessed i F1 cohaort)
myehnation
Other potentiolly endocrine-mediated endpoints
Pituitary weights M N {{N] FY Set 3 M Not considered exposure related; no findings
in any other set or correfating effects,
including the absence of histopatheiogical
changes
Pituitary histopathology N N N No eflect P ar F1
Adrenal [paired] weights N N M Mo effect P or F1
Adrenal histopathelogy N N N Mo effect P ar F1

KA not applicable; M no eflect; (N} finding not considered related o potential endocring pathway interaction, see interpretation; Mimale; F: fernale; P1: parental

generation, Fi: first generation {P offspring); GD: gestation day.
“Increase relative to control
,Decrease relative ta contro!

evidence of male reproductive toxicity or endocrine disrup-
tion resulting from occupational exposure to 2,4 D.

Garry et al. 2001

Twenty-four appficators and 15 minimally exposed foresters
{cantrol subjects) were studied for biomarker outcomes com-
pared to urinary levels of 2,4-D. Categorized by applicator
method, men who used hand-held, backpack sprayer applica-
tors showed the highest average ievel (453.6 ppb) of 2,4-D in
urine. No significant differences in follicle-stimulating hor-
mone (FSH), total testosterone or free testosterone levels
between application methods were reported. Significantly
increased luteinizing hormones (LH) levels were reported in
backpack applicators and boom-sprayer applicators com-
bined; however, no significant effect on LH levels was
observed in either backpack applicators or boom-sprayer
applicators alone.

No correlation was shown between FSH, free testosterone
or total testosterone concentrations with 2,4-D urinary levels
at the time of maximum 2,4 D usage. In contrast, LH levels
were reported to correlate with 2,4-D urinary levels at the
time of maximum 2,4-D usage {using 21 of 24 applicators}.
LH levels are subject to considerable inherent variation and
single samples from individuals are unlikely to provide a reli-
able profile {Partsch et al. 1994). Total testosterone levels
after the application season were reported to correlate with
2,4-D urinary levels at the time of peak 2,4-D use. The study
authors acknowledged that the limited sample size warrants
cautious interpretation of the data. This study is considered
too limited in scope to provide substantive evidence of endo-
crine modulation caused by exposure to 2,4-D.

Swan et al. 2003

Swan et al. (2003} in a case-control study evaluated semen
quality, sperm concentration, morphology and matility in
general population participants in two states, evaluating lev-
els of pesticide metabolites taken close to the time of sample

coliection as surrogates for exposure, They found no statistic-
ally significant effects on sperm concentration or quality, or
increased abnormal sperm at urinary 2,4-D levels above the
limit of detection (LOD}. {It should be noted that very few
samples were above the LOD for 2,4-D.) The authors com-
mented that the results for 2,4-D should be “considered bor-
derline, with small and somewhat inconsistent associations.”
The abstract to the paper indicates that 2,4-D was “associated
with poor semen quality in some analyses.” Based on the
results presented in the paper this statement in the abstract
appears speculative, and unsupported by the data, unless the
“analyses” in the statement refers to one for all pesticides
combined, and not 2,4 D specifically. This study does not pro-
vide any robust evidence that 2,4-D exposure is associated
with poor semen quality in humans. it is considered too lim-
ited, due to the low numbers of control and case subjects
with urinary 2,4-D levels above the LOD, to be considered in
the WoE as evidence for presence or absence of an
association.

Thyraid

Knopp, 1994

The urinary excretion of 2,4-D was measured during eight
biological monitoring studies over a five-year period
{1985-1989} of 27 men and 18 women employees exposed
during the production and formulation of 2,4-D and related
sodium and dimethylamine saits {DMAs). In addition, venous
blood samples were coliected in three legs of the studies,
and thyroid hormone concentrations in  blood were
measured.

Results showed that 2,4-D was detectable in serum and
urine of all persons, but in varying amounts, The highest urin-
ary concentration was 19.5 ppm, and the 2,4-D urinary con-
centration profile for a weekly interval showed an increase in
exposure during the work week.

No notable abnormalities of thyroid hormone concentra-
tions in blood were found. It should be noted, however, that
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CRITICAL REVIEWS IN TOXICOLOGY (e} 23

Tablte 9. 34-0: two-generation reproductive toxicity study summary table [Rodwell & Brown 1'385),

Dose (mag/kg/day] Yehicle control 5 20 80" Interpretation

Systemic taxicity

Monality N N N ¥ Pup mortality increased in the F1b litters {overdosed
during mating, gestation and lactation).

Wean number of pups A N N N Mo effect

Live birth index MNA N M ¥ Increased stillbirths in £1b litters (overdosed during
matng, gestatien and faclation).

Clinical signs MHA N W N Mo effect

Body weight MA N N ! Decreased body weights in Fla and F1b litters at
80 mg/kg/day

Feed consurnption A N N . Decreased in dams producing F1h htlers (overdosed
during mating, gestation and lactation).

Liver weight NA N N N Mo dose related efect

Kidney weight NA N N N Mo dose-related effect

Estrogen pathway -potentioly indicative endpoints

Estrous cycling MHA N W W Mo effect {extrapolated from time to mating)

(extrapolated)

Mating index MA M N N No effect

Fertthty index HA N N R Decreased (not stanstically significantly) in maung to
produce F1b litters at ~80 mg/kg/day {overdosed
dunng matng, gestation and lactation}.

Mean duration of HA M N [ increased 1day in F1b litters at ~80mg/kg/day {may

gestation be hormone mediated but not due to estrogen or
androgen interactions: may be secondary to sys:
termic toxicity at exaggerated high dose due to
mus-dosing)

Gestation index NA N N N No effect

Pup sex ratio NA N N M) Increased number of male pups at 80 mo/kg/day in
Fla litters; no effect on F1b litters dosed at a
higher level; therefore, considered incidental

Uterine histopathology HA M W N Wo effect {(weanlings)

Ovarian histopathology NA N N N Mo effect

Androgen pathway -pateriraffy indreative endpomts

Fertility index MNA N W K Decreased (not statistically signilicantly) in mating to
produce Flb litters at B0 mg/ky/day

Pup sex rauo MNA N N (K] Increased number of male pups at 80 mg/kg/day in

Testes weight HA M N
Testes histopathology NA N N
Prostate histopathalogy NA M N
Epididymides HA M N
histopathology

Seminal vesicle MA N N

histopathology

f1a litters: no effect on F1b litters dosed at higher
level; therefore, considered incidental

N Mo effect
N No effect
N Wo effect {weanlings}
N No effect
N No effect iweanlings)

“Mis-dosing during Fib gestation probably to a dose approximating 100 mg/fkg/day.

NA: not applicabile; N: no effect; (N} finding but not likely exposure related.
[increase
| Decrease

the thyroid hormone content in blcod was measured during
a routine biennial health monitoring of the staff {population
size not provided), and no artempt was made to correlate
thyroid hormone levels with the urine and blood 2,4-D levels.
Therefore, although this study does not provide any evidence
of thyroid-modulating potential of 2,4-D, it is considered of
limited reliability.

Goldner et ol. 2010 and Goldner et al. 2013

There are two publications on thyroid disease using data
from the Agricultural Health Study (AHS). The first, {Goldner
et al. 2010) evaluated exclusively women in the AHS, and the
second, (Goldner et al. 2013), evaluated men. The 2010 publi-
cation was based on about 16 500 women. This represented
about 70% of the owverall AHS female cohort. The authors
found no association with hypothyroidism and working/living

on a farm or using pesticides. They found no statistically sig-
nificant associations with thyroid disease and 2,4-D.

The 2013 publication included 22246 men. This group
represented only 62% of the overall AHS male cohort
because of requirements for complete data on thyroid dis-
ease. Contrary to the 2010 Goldner et al. study results, a
nurber of statistically significant odds ratios were reported
for various pesticides. These included six herhicides (includ-
ing 2.4-Dj, most organcchlorines, two insecticides and one
carbamate. According to the authors, this is the first epi-
demiology study to report these associations. With respect
to 2.4-D, the authors cite a 2007 paper by Stoker et al
{see Tahle 11} as supportive evidence of biological plausi-
bility. The latter assertion will be discussed in the thyroid
WoE discussion.

The authors list the limitations as “potential for recall bias
affecting exposure estimates, reliance on self-reported dis-
ease, and possible selection bias due to high dropout rates.”

Page 27 of 141



L¥L Jo gz abeg

Table 10, Regulatory 2,4-D developmental, subchronic and chronic mammalian studies and evaluation of study guality.

Concentration range or
doses tested (mg/kg/

Study Assay and test system Punty 2.4-0 day} Result Klirnisch seare Weaknesses

Developmental stugtes

Rodwel| 1423 OPP §3-3 Guideline devel- 97 5% B, 2575 Maternol: 75 mg/kg/day pro- 1 None noted; however note cur-
opmental toxicity evalu- duced slight toxicity rent Guideline requires a lon-
ation in F344 rats, Developmental: No adverse ger exposute period; high dose
Dosing by oral gavage effects obswerved exceeds TSRC
from GD 6-15.

Hoberman 1494 OPP $3-3 Guideline devel- 97.5% 10, 30, 90 Maternaf. High dose produced 1 None noted; however note cur-
opmental toxicity evalu- bwo abortions rent Guideline requires a lon-
ation In New Zealand Developmental: No toxicity get exposure penod and more
whute rabbits. Dosing ahserved. animals per dose level {20 vs
by oral gavage from 12); tugh dose exceeds TSRO
GO 6 18 rabhits

Subchromte and chronic toxicity studies

Schulze 1 OPP 82-t guideline sub- 9670 1, 15, 100, 360 Systemic toxicity: 308 mgskg/ 1 High dose excessive; exceeded
chronic study with F344 day: marked (excessive] sys- MTO; doses 100 mg/kg/day
rars. Dosing wvia the diet temig toxicity, | body exceed TSRO
for 13 weeks. weight [28%), renal towicity

and effects on eyes, hearts,
and lungs. 100 me/kg/day:
renal toxiciny

Endocnne endpoints: 300 mg/
kgeday (F): |, T3, T4,
[ thyroid/parathyrond
weights, thyraid follicular
cell hypertrophy | pituitary
weights

100 moskg/day (F): | T3 and T4

300 mo/kg/day (M) | T4,
thyrond/parathyrard weights,
\testes weight and atrophy:
. piturtary weights

100 mog/kagrday (M) | T4;

i thyroid/parathyroid weights

No histppathalogical changes:
pitwitary, epididymides,
qwary, uterus, and vagina,

Gorzinski et al. 11341 OPF 82-1 nop-Guideline 97.3%n 15, &0, 100. 150 150 mgskyday: marked 2 Mot all guideline endpomnts eval-
study with F344 rats, Systermic toxicity in both uated. Doses &0 mg/kg/day
Dosing via the diet for genders. 100 mg/kg/day exceed TSRC,

13 weeks. [F}. [T4 . ~100mg/kg/day
(M} | testes weight
Gurzinski et al. 14h1h MHon-guidehne subchrome 100% 15, 60, 100, 150 Systemic toxicity (n both gen- 2 Doses 60 mg/kg/day exceed

study with F344 rats,
Dosing wia the diet for
13 weeks.

ders at _- 100 mg/kg/day.

= &) mgkg/day (Fh T4,

{M): No effects on endocrine
relevant endpaints including
testes welghts

TSRC. Very limited endpoints
evaluated. Study done primarity
1o evaluate Testes weight
change in prior study

{continued)
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Table 10. Continued

Study

Assay and test system

Purity 2.4-D

Concentration range or
doses tested {mg/kg/

day)

Result

Khimsch scare

Weaknesses

Jefines et al. "u+5

Schuize 1%11h

Stoft 17154

Stott buash

Schulze 1790

Guideline chronic toxcity/
ancogenicity study with
Fid4 rats. Dosing wia the
diet for 12 or 24 months.

Guidehne B6C3F1 mice sub-
chronic toxiaty study,
Dosing wia the diet for
13 weeks.

Oncogenteity study BECIF1
mice {fernales anly),
Dosing wia diet for 24
months; 12-month
intenm sacnfice,
Guideline when consid-
ered I conjunction with
Stott 19450 study

Cneopgenicity study with
B&CIFT mice (males
anlyl. Dosing via the digt
for12 or M months,
Guideline when consid-
ered 1n comjunction with
Stott 14954 stody.

Guideline subchronic study
with dogs (82-1]. Dosing
via capsule for 13 weeks,

96.45%

96.1%

96.4%

F5.4%

96.1%

5 75150

1,15, 100, 300

5, 150, 300

5 625, 125

23.1,310

150 my/kg/day (F): | body
weight, renal and other sys-
emig oxaly, | secretory
material in thyroidal epithe-
lial cells, | ovary weght, |
incidence of hemgn adeno
mas in pituitary, and |
mammary gland hyperpia-
sha.

- 13mg/kgsday. renal tox, T4
levels, © thyroid weghts,
“focal cystie dilatation.

150 mgskgiday (M) thyroid
weights, | testes weights.

<75 motkg/day th); | T4

100 mgikgiday. | T4 levels
at 100 and 300 mg/kg/day,
no effect on testes o ovary
wetghts.

No histopath. findings: pitoit-

ary, adrenal, thyroid, para-
thyraid, testes,
emdidymides, ovary, uteris.

<150 mg/kg/day: systemic tox-
ity (repalk. No histopath.
findings: pituitary, adrenal,
thyrard, ovary, uterus,
¥agina, mammary,

Mo significant exposure-refated
effects.

Hao histopath. findings; testes,
epididymides, prostate, sem-

nal vesicles, adrenal, thy-
roid, pitunary

10 mg/kgiday: Severe systermnic
toxicity indluding lethality; |
testes weight; testicular
atrophy. No effects thyrod:
T3, T4, weight and
histapath; no effect gvary
weight: no histopath find
ings: avary, uterus, epididy-
mides, pituitary.

¥

Coses ~75 mg/fkg/day exceed
TSRC: guideline study:; thyroid
tissue accountability issue in
fermales at termmnal sacrifice.

Doses - 100 merhg/day likely
exceed TSRC

Doses 150 mgskg/day likely
exceed TSRC

125 mg/kg/day likely exceeds TSRC

Guideline study, 1¢mg/kg/day
dose exceeds MTD; - Imgskgs
day exceeds dog TSRC; imma-
turity of dogs at study imiti-
ation limits ability to detect
any expasure-related testes
tesions due to very high back
ground inadence in published
HCD

{continued)
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Table 1¢, Continued

Congentration range of

doses tested (mgikg’

Weaknesses

Klimisch score

Result

. body weight ar mid and

day}

0.5, 1, 375
10 (lowered after B

Purity 2,4-D

96.7%

Assay and test system
Guideline subchronic study

Study

375 myt

Guideling study; doses

Dalgard 13434

kgfday exceed dog TSRC

" thyroid weight

high dase,

with dags. Dosing wa

diet tar

immaturity of dogs at study

not considered exposure-
related. Mo clearty dose-

weeks to 7.5}

=13 weeks.

inttiation hmits ability to detect
any exposure-related testes
and prostate lesions due to

related effects on testes or
prostate histopath; no

very high background inci-

dence 1n HCD
Guidehne study; doses

efedts thyroid histopath.

-5 mg/kgs

Body weight | in high dose

56,70 1, 5, 10 {lowered afrer

Guidetine chronic study

Dalgard 13936

day exceed dog TSRC.

group. Renal pathology and

8 weeks fo 7.5)

with dogs. Dosing via
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With respect to bias of exposure, we know that the AHS par-
ticipants have adequate recall of what was applied but are
less reliable with respect to how often and for how many
years, Further, application l{i.e. use} is a poor proxy for expos-
ure, because the range of exposures from a single application
is highly variable as demonstrated from biomonitoring stud-
ies {such as the Farm Family Exposure Study (Alexander et al.
2007} and the AHS biomonitoring study (Thomas et al
2010)). As a result, the efforts to evaluate exposure-response
in the AHS are very limited at best. Retiance on self-reporting
is less of a concern with the thyroid outcome, as the cut-
come is physician-diagnosed, but it may be reftected in the
declining participation in the AHS over time. It is also pos-
sible that persons with health concerns have selectively par-
ticipated in Phase Il and Ill, which may bias toward an
increase in observed disease rates.

There is a lack of correlation between the genders. The
authors reported no association of 2,4-D use and hypothy-
roidism in women {OR -0.96; 95% Cl 0.8-1.1}) and a statistic-
ally significant but relatively weak association in men (OR
—1.35; 95% Cl 1.04-1.76). If the association for any pesticide
exposure was causal for thyroid disease, one would expect to
see an association in both men and women. According to
the Mayo Clinic, women over 5Q are at risk for an underactive
thyrcid, hypothyroidism http//www.mayoclinic.com/heaith/
hypothyroidism/DS00353/DSECTION —risk-factors. it is unclear
why the authors observed associations with several pesticides
in men but not in women. it may be due to unintentional
bias, such as related to exposure misclassification or to
participation.

WoE for potential endocrine pathway interactions

As discussed in the Introduction, the following WoE reflects
an assessment of whether results might signal a pathway
interaction, the relative weight or rank piaced on that param-
eter for specifically and sensitively flagging a potential inter-
action, and whether a finding {if any} was made only at a
systemically toxic or excessive dose. The WoFE tables devel-
oped for each pathway hypothesis provide primarily a visual
representation that assists in identifying patterns of findings
that may indicate a potential endocrine pathway interaction.
Endpoints are evaluated for consistency within and between
studies,

The foilowing format is used for the WoE table contents
addressing each potential endocrine pathway interaction.

+ Parameters relevant to and negative for specific potential
pathway interactions are indicated in dark gray and
marked as "N” for negative.

« Parameters with findings potentially supporting an endo-
crine-pathway-related finding seen only at high doses
exceeding the TSRC and/or excessive doses are indicated
in light gray and marked as "O" for over the TSRC.

s Parameters with findings at the limit dose {in the FSTRA,
in which TK data were not available to advise dose salec-
tion) with an unclear relationship to potential endocrine
interactions but showing a test article related response
are indicated in light gray and marked "L" for limit dose.
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Table 11. Published literature references far mammalian studies and evaluation of study quality.

Concentration range or

Study Agsay and test system Purity 2,4-D doses tested {mo/kg/day) Result Klimisch score Weaknesses
Developmental studres
Bage et al. 1973 Pregnant NMRI mice dosed Mixture of formulated prod- 50 and 110 increases in fotal resorptions, 3 Weaknesses: 2,4-0 not tested
subcutaneously from GD ucts, purity of 2.4-0 not {2:1 24-D cleft palate. Decreased fetal separately (although 24,5-T
5-T4 defined and 24,5-T) body weights; no matforma- was); purity of 2.4-0 not
tions charactenstic of endo- defined; rmaternal toxicity
crine modulators not evaluated; subcutaneaus
dosing not relevant for risk
assessment; Strength; for-
mulation exaplents were
added to the control group
Cavieres et al. 2002 HD4 mice dosed orally by Formulation 201100 Decreases in litter sizes and 3 Weaknesses: Formulation; pur-
gavage from GD 6-15 {Purity unspecified} purpored decieases in ity of 2,4-D unspecified;
implamations data discrepancies; lack of

Chares et al. 2001

OPP 83-3 guidehine study.
Sprague-Dawley rats
dosed orally by gavaqge
with 2,4-D 2-butoxyethy!
ester (BEE} from GD
6-T5

OFF 83-3 quideline study.
Sprague-lawley rats
dosed orally by gavage
with 2.4-0 Z-ethyihexyl
ester {EHE) from GD
6-1%

OFF 83-3 guidehne study.
Sprague-Dawley rats
dosed orally by gavage
with 24-D isopropyl-
amipe HPE) from GD
6-15

OPP §3-3 guideline study,
Sprague-Dawley rats
dosed orally by gavage
with 2,4-D diethanok
aming salt {DEA) fram
GD 6-15

OPP 83-3 guideling study.
Sprague-Dawley rats
dosed orally by gavage
vath 2.4-D dimethyl-
amine (DMA) from GO
6-15

24-D BEE
95.6%

24-D EHE
95.0%

24D IPE
97.1%

2,4-D DEA
Aqueous based manufactir
ing concentrate (73.1%)

24-D DWA
Aqueous based manufactur-
Ing cencentrate (66.2%)

25,75, 185 a1
(17. 51,125 ae)

47, 45.2, 135.7 ai
{10, 30, 90 ae)

12.3, 369, 123 2l
{10, 30, 100 ae}

15, 75, 150 ai
{102, 508, 1015 ae)

15, 60,2, 120.4 at
{12.5, 50, 108 ae)

Maternal toxicity at 125 mg/kg/ 2
day ae; | skeletal variatians {for publiation}
at 125 mg/kg/day ae; Ho
dose related wisceral
malfarmations

Maternal toxicity (shght) at 2
30 mg/kg/day ae; | fetal- {far publication)
body weights (90 myskg/day
ael; 1 skeletal vanations at
30 mg/kg/day ae; No vis
ceral malformations; wawy
rbs at 10 and 30 mgrkg/day
ae not dose related.

taternal toxicity _-30 mg/kg/ 2
day ae; | fetal-body weights  (far publication)
and 1skeletal var. (100 mg/
kg/day ae); No dose related
visceral malformations

Maternal toxicity ~50.8 mg/kg/ 2
day ae; | fetal-body {for publication)
weights; " fetal skeletal vana-
tions {101.6 mg/kg/day aek
no exposure related visceral
malfarmations
taternal toxicity —50 magskg/ 2
day ae; | fetal-body weights  (for publication)
and | skeletal changes
100 me/kg/day ag); No
exposure refated visceral
malfgrmations

appropriate (oncurrent can-
trols; lack of biological
plawsibility for reported
findings

Overall high quality study;
munor {imitatians N amgunt
of detail reported due to
rultiple studies and com-
pounds, e.g. nature of vis
ceral malformations not
specified; ae doses ~51mg/
kg/day exceed TSRC.

Overalt high quality study,
miner limitations m amaunt
of detail reported due to
multiple studies and com-
pounds; 2.9, skeletal varia-
tions at 30 mg/kg/day ae
not shown 1n Table: Table
identifies wavy ribs as mal-
formations; typically classi-
fied as deviations (Kimmel
et 3l 2004); doses 90 mg/
kg/day ae exceed TSRC.

Overall high guality study:
minor {imitations in amount
of detail reported due to
multiple studies and
compounds;

Overall high quality study,
mnor limitations 0 amount
of detail reported due to
multiple stedies and
compounds;

Overall high quality study;
mnor imitatiens in amount
of detail reportad due to
multiple studies and
compoungds;

{continued)
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Table 11. Continued

Study

Assay and test system

Purity 24-D

Concentration range of
doses tested (mg/kg/day)

Result

Klimisch score

Weaknesses

OFP 33-3 quideline study.
Sprague Dawley rats
desed orally by gavage
with 2,4-D sopropyl-
amine [IPA} from GD
&-15

OPP 83-3 guideline study.
Sprague-Dawley rats
dosed orally by gavage
with 2.4-D tmsopropyl-
amine (TIPA} from GD
6-15

OFP B3-3 gquideline study.
Hew Zealand white rab-
hits dosed orally by gaw-
age with 2,4-0 BEE from
aD 719

QPP 83-3 guideling study.
New Zealand white rab-
bits dosed orally by gav-
age with 2,4-D EHE from
GD 6-18

OPP 83-3 guidelne study.
New Zealand white rab-
bits dosed orally by gav-
age with 2.4-0 DEA from
GD 618

OPP 83-3 guideline study.
New Zealand white rab-
bits dosed orally by gav-
age with 24-0 DMA
from GO 6-18

OPP 83-3 guideline study.
MNew Zealand white rab-
bits dosed orally by gav
age with 2.4 D IPA from
GO 7-19

OFP 83-3 guidehne study.
Mew Zealand white rab-
brts dosed crally by gav-
age with 2.4-0 TIPA from
GD 719

24-D IPA

Aqueous based manufactur-
Ing concentrate

150.2%;

24-D TIPA

Aquenus based manufactur-
Ing concertrate

(722%)

2,4-D BEE
95.6%

2.4-D EHE
95.0%

2,4-D DEA
Agueous based manufactur-
ing concertrate {73.1%)]

2,4-D DMA
Aqueous based manufactur-
ng concentrate (66.2%)

24D IPA
Aqueous based manufactur-
ing concentrate (50.2%)

24-D IPA
Agueous based manufactur-
ing concentrate (72.3%)

22, 65,190 al
{17, 51, 150 ae}

325, 100, 325 ai
{17, 51,175 ae)

15, 45, 170 at
{10, 30, 75 ae)

15,1, 45,2, 1131 ai
{18, 30, 75 ae)

15, 30, 60 ai
{10.2, 203, 406 ae)

12, 36.1, 1084 a
{18, 30, 90 ae)

13, 38, 95 a1
(10, 30, 75 ae}

19, 56, 1440 ai
(10, 30, 75 ae}

Slight maternal toxwcity
{150 mg/kg/day ae); No
exposure refated wisceral
malformations

Maternal toxicity {severe)
175 my/kg/day ae; | fetal-
body weights, |skeletal
changes and matformations
175 mgskg/day ae No
exposure related visceral
malformations

Severe maternal toxioity at
~30 myrkgiday ae; |
resorptions av 30 mg/kg/day
ae; no expasure related vis-
ceral malformations

Maternal toxicity at 75 myg/kg/
day ag; no exposure related
visceral matformations

Maternal toxicity and | resorp-
tions and skeletal variations
ar 40.6 mg/kgiday ae; no
exposure related visceral
malformatians

Equwvocal maternal toxicity; |
deaths at mid dose; | litter
size low and high dose; no
evidence exposire refated;
no exposure related visceral
malformatians

Severe maternal toxcity at
75 movkg/day ae; no expos-
ure related visceral
malformations

Severe maternal toxicity at

75 mg/kg/day ae; no expos-
ure refated visceral
malformations

2
ffor publication)

2
{for publication)

2
{for pubtication)

2
{for publication)

2
{for pubtication)

2
{for pubtication)

2
{for publication)

2
{for publication)

Overall high quality study;
mingr limitations in amount
of detail reponed due te
multiple studies and
compounds

Overall high guality study;
mings imitations mn amaunt
of detail reponed due to
multiple studies and
compounds

Overall lugh quality study;
mingr limitations i amount
of detall repaned due to
multiple studies and com-
pounds; weakness: excessive
maternal towciy ar mid and
fugh dose

Qverall lugh quality study,
minor limitations in amount
of detail reported due to
multiple studies and
compounds

Overall high quality study:
mingy mitations 0 amount
of detatl reponed due to
multiple studies and
compounds

Overall lugh quality study;
mincr limitations n amount
of detail repaned due to
multiple studies and com-
pounds Weaknesses:
toguvocal maternal toxicity
at bigh dose; decreased
number of litters available
for evaluation

Overall tugh quality study;
MR limitations in amount
of detail reporied due to
muiltiple studies and com-
pounds; Weakness: excessive
maternal toacity at high
dose but sufficrent liners For
evaluation

Overall lugh quality study;
mingr limitations in amount
of detail reported due to
mudtiple studies and com-
pounds; Weakness: excessive
maternal toxcmy at tigh
dose but sufficient lirters for
evaluation

[contmued)
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Tahte 11. Continued

Study

Assay and test system

Purity 2.4-D

Concentration range ot

doses tested (mg/kg/day) Result Klimisch score

Weaknesses

Collins & Williams 14716

inamarca et al. 2007

Duffard et al 1936

Pachetting et al. 20732

Syrian goiden hamsters
dosed orally by gavage
from GD 6-10

Pregnant mice dosed with
technical and formulated
2,400 drinking water
from GO 0-9

Wistar rats orally exposed
to 2,4-0 DBE

Prenatal and postnatal 2,4-
D exposure tn pregnant
wWistar rats evaluated at
PND 45, 50, and 20

Matetnal nurang behavior and pup body weight effects

Sturtz et al. v

Stunz ¢t al. 2006

Sturtz et ab. MO8

Wistar rats exposed to 2.4
D wvia intraperitoneal
mjechan

Wistar rats dosed orally
with 2,4-D

Wistar rats dosed orally
with 2,4-D

Three different lots of tech-

hical 2,4-D

Purity unspecified

Formulation; moncentration
and purity of 2,4-D
unspecified

Purity unspecified

Punty unspecified

I8%

98%

20-100 Increased incidence of fetal 3
abnormalities at high doses;
decreased fetal viablity

001100 Mo changes m maternal tox- 2
wity, body wewght gain,
tmplantation sites, resorp
tions; no endocnne refated

effects

70 Increased serotomun tevels 3

0 Evidence of potential oxidative 3
SEFESs (N vanous tssues

S0-10 Decreased pup body weights; 3
detectable 2,4-D residues in
stamnach, blood, brain, and
kidney of breast-fed
neonates

15-70 Decreased pup body weight 3

gains; decreased lipid con-
tent of milk; altered farty
acid content

15-50 Altered dam-pup interactions; 3
increased catecholamine
levels; decreased indolamine
and prolactn levels

Poor methodology (use of dif-
ferent tots of test material),
purity undefined; and
reporling deficiencies; add-
tianally hamster is a poor
model for develapmental
toxoty evaluations due to
multiple spontaneous
malformations

Purity unspecified for technicat
and formulated 2.4-0; no
analyucal confirmation of
doses; otherwise study qual-
ity seemed adequate;
refuted findings af Cavieres
et al. {1

Unclear methodologies; insuffi-
clent data provided; results
not specific ta endocring
actviy

Source of 2,4-D not identfied;
punty nat stated; single
dose; no evidence dose ana-
lysis conducted: no evidence
potential litter effects were
accounted for

{rielevant route of exposure
(intraperitoneal]; punty not
specified; no evidence litter
effects accounted for

Unclear methodelogy; ne ew-
dence lirer effects
accounted for; dose farmu-
lation procedures question-
able; neither effects nor
internal dosimetry consist-
ent with other 2.4-D studies

dnclear methodology; no evi-
dence hirer effects
accounted for; dose formu-
lation procedures question-
able; limited assessment of
maternal nursing behavior,
pup observations inconsist-
ent with typical findings in
pups suffering fram mater-
nal neglect

lcontinued)
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Table 11, Continued

Study

Assay and test system

Purity 2,4-0

Concentration range or
doses tested (mg/kg/day]

flesult

Klirmisch score

Weaknesses

Stiinz et al 00

Mafe reproductive foxicily
Lamb et al. 1981a

Lamb et al. 19810

Blakley et al. 1989

Hassanen 2013

Kim et al. 2002

Wistar rats dosed arally or
IP with 2,40

Male C57BL/6M mice dosed
orally via diet mixture of
2.4-0 and 2.4,5-T; mated
with untreated females

Male C57BL/GN mice dosed
orally wia dhet mixture of
2.4-0 and 2.4.5-T; mated
with untreated females

CD-1 male mice exposed to
a mixture of 2.4-0 and

picloram via drinking water
mated to untreated fermales

Male Sprague-Dawley rats
exposed via gavage

Hershberger assay in CD
rats

8%

98.5%

{2.4-D Purity specified in
Lamb et al. 1981¢ tox-
icity study}

98.5%

{2,4-D Purity specified in
Lamb et al. 1981 tox-
icity study}

Mixture of chemicals; purity

of 2,4-0 not specified

Purity unspecified

Purity unspecified

25-70

20 and 40 ma/kgsday 2.4-D

20 and 40 mg/kg/day 2.4-D

84-336

30

50

Decreased pup weight gam;

decreases in amount of milk

ejected, ptasma prolaciin
and axytoan altered

No changes in fertility, sperm
nurber, motility, or
morphelogy

No impact of on reproductive
perfarmance of males; no
changes in development
and suryival of fetuses and
pups

High maortality in males at
gh concentration; no
charnges in resorptions,
implantations; |fetal werght
at highest dose; ' malfor-
mations all doses

Congestion of blood vessels in
testicles and epichdymis
after two months; necrosis
and stoughing semmniferous

whbules, necrobiotic changes

in gpithelial lining of
epididymis

Increased ventral prostate,
Cowper's gland and glans
penis weights; in testoster-

one (T supplemented phase

of assay; authors hypothe-
size 2.4-D synergizes with T
in iNCreasing accessory sex

tissue weights ot inhibited T

metabolizing enzymes’
activity

Undear methodology; no evi-
dence litter effects
accounted for; dose farmu-
lation procedures question-
able; no bedding material
mentioned- absence could
stress dams; procedure far
evaluation of milk praduc-
tion flawed: incorrect statis-
tical procedures

2.4-D not tested in solation,
but purity and doses of 2.4-
O defined; a negative
response reported; provides
useful information re poten-
tiz) male repro, toxicity

2,4-0 not tested in 1solation,
tut a negative response
reponted and purity and
doses of 2.4-D defined; pro-
vides wseful information
regarding potential male
repro toxicy

24-D not tested in isolanon;
types of malfarmations not
reported; small group size

Unknown purity; single dose
expasure

T dose reporting discrepant
(different doses reported in
different secuons of paper;
only ane 2.4-0 dose tested;
inconsistencies in repored
methods, T-supplemented
Hershberger phase tests
anti-androgenicity; not vali-
dated to assess androgenic.
ity; organ weights not
similar to weights for the
same organs reparted by
ather investigators (note
article is in Kprean; no
translation)

{continued)
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Table 1. Continued

Concentration range or

Study Assay and test system Purity 2,4-D doses tested (mg/kg/day) Result Kiimisch score Weaknesses
Oakes et al. 1Hida Male Sprague-Dawley rats Formudation; 2.4-D concen- 375150 Mo effecs on plasma testoster- 3 formulation; concentration and
dosed orally via gavage tration and purity one; decreased weight gamn purity unspecified poot
unspecified and decreased testicular study design; small sample
weight at htgh dose size; insufficient reporting of
data
Stoker et al. "7 Male Wistar rats exposed to Purity unspecified 100 and 200 reported m Defayed PP5 at hugh dose; 4 Insufficient information gro-
2,4-D orally by gavage abstract; per Stoker and decreased ventral prostate vided (only reported as
Zordla (2010) book chap weight; T and androstene- abstraci and as limited
ter 3 and 30 were ako dione decreased at hagh information in book chap-
evaluated dose; no change i LH and ter}; dases reported in
prolacon; T3 decreased at abstract exceed threshold
both hgh doses; no effects for renal glearance
at 30 mg/kg/day based on
Stoker and Zarilla 2070
book chapter
Subcheonte gnd chromc roxcity
Chares et 2l 19963 OPP 82-1 Guideline study; 96.1% 1, 15, 100, 300 Reviewed above with regula- 2 Limited detail due to multipte
Fischer 344 rats exposed to tory toxicology studies on {for publicarion) studies in one publication
2,4-D 1n the diet for 13 2,4-0 based on study report
weeks {Schulze 1114 a)
QPP 82-1 Gurdeline study 66.2% a | 1-300 mg/kg/day a.e. (acid 300 mgrkgiday ae. red celt 2 Limited detail due to muitipte
Fischer 344 rats expased to (95.3% dry wit} equivakent) mass, T3 and T4 tevels, | {for publicaticn) studies in one publication
2,4-D dimethyl armine 24-D DMA ovary and testes weight, |

Oakes et al. Xuth

Kobal et al. 2001

{DMAY, 2,4-D ethylhexy!
armine {EHE] in the diet for
13 weeks

QPP 221 Guideline study
Fischer 344 rats exposed to
24-D ethylhexy| amine
(EHE] in the diet for 13
weeks

Male Sprague-Dawley rats
dosed orally with gavage
with a formulation of 2,4-0
and picloram

Wistar rats dosed by gav-
age for ten days

9%.1% a1 2,4-0 EHE

Formulation with multiple
active ingredhents; 2.4-0
concentration and purity
not specified

Formulation {2.4-D n for-
mulation 98% pure, but
inerts in formulation
unspexified)

1-300 mg/kg/day a.e. {acid
equivakent}

37.5-150 {2,4-19

11 and 110

liver, kidrey and thyrod
weights and cataracts and
retinal degeneration {high-
dose females),

300 mg/kg/day a.e. red cell
mass, 13 and T4 tevels, |
ovary and testes weight. |
wn liver, kidney and thyroid
weights and cataracts and
retinal degeneration (high-
dose females).

Mo effects on plasma T; |
weght gain and | testicular
weight at 150 mgrkg/day

| serum T4 at 110 mgskg/day;
13 males day & at 110 mg/!
kg/day Staustically signifi-
cant differences in the low-
dose group [* i females
and | in males); examin-
anign of the figures suggests
that these changes were
not biwologically significant
and may reflect inherent
variability of the assays. No
other thyroid-retated param
eters were assessed in this
study; the biological signifi-
cance of the findings cannot
be assessed

2
{for publication)

Limited detail due to multiple
studies 1n ore publication

Formulation: 2,4-D concentra-
tion and purnty not speci-
fied; 2.4-D not tested in
isolation, poor study design;
small sample size; insuffi-
clent reporting of data

T4 pre-test vaiues showed con-
siderable variance; no data
are presented for thyroid
hormone measurements,
only figures, which show
mean vafues only without
confidence limits or stand-
ard errors,

Formulated commercial mater-
13} with unknown formula-
tion excipients.

High dose exceeds TSRC; other
toxicity to animals not
monitored.

TSH, thyroid weight. and thy-
roed histopathelogy not
evaluated.

{contmnued)
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Table 11. Continued

Study

fssay and test system

Purity 2,4-0

Concentration range or
doses tested {mg/kg/day)

Result

Klimisch score

Weaknesses

Charles et ab, 1waoh

Obidike et al. 202

Rawlings et al. %94

Thyroid mechanism related
Florstieim & Veleoff 1002

Florsheim et al. 1961

QPP 82-1 subchronic and
83-1 chronic guideline stud-
tes 1n purebred beagle dogs
exposed to 2,4-D in diet for
30 days or ane year

OPP 82-1 guideline sub-
chronic study in purebred
beagle dogs exposed to
2,40 dimethylamine salt
(DA for 90 days

QPP 82-1 guideline sub-
chronic study in purebred
beagle dogs exposed to
2,4-D 2-ethylhexyl ester {2-
EHE} for 90 days

West African Dwarf goats
dosed via diet

Female ewes dosed directly
to the rumen via gefatin
capsules

Sprague-Dawley rats on low
lodine diet subcutanecusly
injected with 2,4-D

Sprague-Dawley rats

96.7% 2,4-D

56.7% agueous sclution
{93.5% dry weight basis)

95.1%

Formulation; punty of 2,4-D
not specified

Formulation; concentration
and purity of 2.4-D not
defined

Formulation

Formulation

0,05 10 375and 75 in
subchronic study; 0,1, 5
and 1047.5 n chronic
study

0,1,375and 7.5
{a.e. basis)

0,1, 375and 75
{a.e. basis)

75-125mg/kg of 720 g/L
formulation of 2,4-D

10mg/kg; 3 times per week

80

B0

Studies (Dalgard 1ia, 1942b)
reviewad above with regula-
tory toxicology studies
based on study reposts

body weight gains at high
dose; no effects on thyroids;
slightly | testes weight at
7.5 mg/kg/day ae; non-
exposure related testicular
hstopathology: shghtiy
lincidence of “juvenile/
inactive” prostate at 7.5 mg/
kgiday ae
| body weight gains at mid
and high dose; thyroid
weights |; not statistically
significant ar dose related;
no thyraid histopath; na
effects testes weights; no
testicular path.
Decreases in testicular sperm
reserves and 10 eptdidymal
sperm reserves; hyperemia
and edema of the stroma;
decrease in Sertoli ¢ells

Decreased serum T4; no effect
on LH, FSH, P, E2, contisol,
insulin; no changes i histo-
pathotogy of any organs
tested

Decrease in serum pretein-
bound iodine; decrease in
thyroid to serum radiciodide
ratio; no changes in pituit-
ary TSH concentrations, thy-
roidal cell height, or thyroid
histopathclagy

Decreased serum thyroxine
concentration; increased
brain and liver thyroxine
concentration; no change in
thyraxine half-life, thyroxine
distribution or in thyrmd
histopathology

2 {for publication)

2
{far publication}

2
{far publication}

Studies reviewed above based
on aclual study repoms

Limited details included due to
multiple studies presented

Limited details included due to
multiple studies presented

Non-conventiona! test system;
farmulation tested; small
number of animals of vary-
ing #ges obtaired from dif-
ferent sources; no assurance
control animals
representative

small sample size; formulation
tested,; concentration and
purity of test material not
defined; only one dose
tested; direcl admnistration
into rumen of questionable
relevance

Subcutanesus injection, formu-
{ation, unspecified purity of
test matenial; dose likely
exceeds TSRC; mechanistic
study

Route of administration not
specified (probably subcuta-
negus injection); small sam-
ple size formulatior,
unspecified purity of test
material; mechanistic study;
dose likely exceeds TSCR

{conninued)
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Table 11, Continued

Congentration range or
doses tested {maikg/day)

.06 mmoltkg 2,4-0B

Klimisch score Weaknesses

Resuit

Purity 2,4-D
"Highest punty avadable”

Assay and test system

Male WAG/MBL rats

Study

2,4-D not tested in vivo; intra-

tower plasma T4 levels in vivo

Van den Berg et al. 1t

peritoneal route irrelevant;
only one concertration

following 2,4-D § exposure;
decreased T4 binding to

expased to 2,4-DB in diet;
24-D rested in vitro

tested. In vitro mechanistic

serum protein in vitro after

2,4-D exposure

study: 2.4-D demonstrated a
high {70-100%) competition
for hinding of T4 to trans-
thyretin at a concentration

of 100 uk (22 vg/ml - a

concentration well above

TSRC).

CRITICAL REVIEWS IN TOXICOLOGY @ 33

¢ Endpoints either not relevant to a specific study type, or
not assessed in a particular assay are noted with a “~"and
are white.

Note: Many of the findings marked “0" have explanatians that
rule cut attribution to an endocrine mechanism or make this
much less likely. These findings are indicated in the table
footnotes and discussed 1n more detail in the text following the
tables.

Overall, there were no findings for 2,4-D that are consid
ered clearly positive for 2 direct endocrine pathway potential
interaction /n wvitro, and no in vivo findings in mammals in
robust studies {Klimisch criteria 1 or 2} relevant to potential
endocrine pathway interactions at doses below the TSRC.

WoE evaluation for the estrogen hormonal pathway

As outlined in EPA's WoE guidance {US EFA 2011), generally
five Tier 1 EDSP screening studies provide data relevant to
assessing whether a compound potentially interacts with the
estrogen hormonal pathway. In the case of the 2,4-D EDSP
requirements, EPA waived the requirement for the EDSP Tier
1 uterotrophic and female pubertal assays, based on a recent
EDSP Tier 2 equivalent EOGRT study {Marty et al. 2010}, This
study provides similar information to the female pubertal
study (OPPTS BS90.1450; US EPA 2009h), and is considerably
more comprehensive because it includes assessment of repro-
ductive parameters and offspring development. Endpoints
highly sensitive to estrogenic effects are included in the
EQGRT study; however, this study does not provide the more
specific {Rank 1} information on potential estrogenicity pro-
vided by the uterotrophic assay.

The Rodwell and Brown two-generation reproductive tox-
icity study provides additional infarmation, including an
assessment of uterine histopathology in immature animals,
which, as they are unlikely to be cycling, provide a more sen-
sitive model for assessing estrogenic activity than do adults.
The subchronic and chronic regulatory toxicity studies in rats,
mice and dogs also provide Information on relevant end
points and provide a resource for evaluating potential species
sensitivity.

Additionally, the EDSP Tier 1 in vitro ER binding or activa-
tion studies provide information relevant to assessing the
potential receptor-mediated estrogenic activity of 2,4-D. The
Tier 1 EDSP FSTRA provides information from an aquatic spe-
cies. Endpoints and results relevant to the estrogen pathway
from key regulatory studies, including the EDSP Tier t FSTRA
and the EOGRT study are summarized in Tables 12-14. The
one-generation guail reproductive toxicity study also provides
relevant information and is discussed in the text following
the tables. High quality in vitro and in vivo data from the
published literature and ToxCast™ screening results are also
considered important in developing the WoE and are dis-
cussed in the text.

The only type of in vive assay considered to provide a
clear rank 1 result for estrogenic pathway activity are: 1) the
uterotrophic assay {none available for 2,4-0), in which statis-
tically significant and marked uterine weight increases are
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Table 12. Results for 2.4 D from EDSP tier 1.0 vitro and ecotoxicological assays relevant to potential interaction with the estrogen pathway.

Fish gonad Fish gorad

ER ER Fish Fish Muptial Nuptial somatic sarmatic Fish gonad Fish gonad
Study® hinding Wansactivation fecundity fernlity tubercles (M) tubercles (F) index (M) index (F}  histopathology (M} histopathology (F) ¥TG (M} VTG (F)
N - - - - - - - - - -
ERTA - - - - - - - - - - -
FSTRA - - SIEI | kK & R 2N 1 N |

“ERB: OFPTS B90.1250 ER-tnding assay tbeBaron et al. 20" 13); ERTA; OPPTS 8901300 ER» transcnptional activalion asway (LeBaron & Kan 2111y FSTRA: OPPTS

890.1350 Fish short-term reproduction assay (Marine et al. 701))

TMarine et al July decreased fecundity observed only at high (limit dose} dose; non-spectfic finding; equivocal relationship to pathway interaction

All studies.

MNo evidence of pathway interaction

LPatential evidence of pathway interaction at limit dose anly
-Endpaint not evaluated

| Decreased relative to control

Endpaint scores in parentheses based on Borgerl et al (A7)
1) specific and sensitive to the hypothesis

(2} potentially sensitive for the hypothesis; stronger if cotrelated with Rank 1 data

(3} relevant, but useful anly if corroborating Rank (13 or {2} endpoints

considered a reliable and predictive endpoint of estrogenicity,
and the male VTG endpoint in the FSTRA (available for 2.4-Dj,
which when increased appears closely associated with estro-
genicity {Borgert et al. 2014). The VTG endpoint for the
FSTRA for 2,4-0 was negative. No endpoints or assays at this
time are ¢onsidered to provide unequivocal evidence of anti-
estrogenicity by themselves. Thus, although the anti-estro-
genic hypothesis was evatuated, the rankings in the following
tables were developed primarily according to reliability for
assessing estrogenic potential.

In vitro studies

There are no in vitro data supporting a direct interaction of
24-D with the ER. The EDSP in vitrco ER binding (LeBaron
et al. 2011a) and ER transactivation assays {LeBaron & Kan
2011) were negative.

Kojima et al. {2004) examined the ability of 2,4-D to act as
either an agonist or an antagonist of the human ERx or
human ERG in transientfy transfected Chinese hamster ovary
cells {CHO K1} that also expressed a luciferase reporter plas-
mid containing an estrogen-responsive element {ERE], There
were no 2,4-D related effects in these assays. Kojima et al. is
considered to provide reliable corroborating data regarding
the lack of ability of 24-D to act in vitro as an agonist or
antagonist at the ER.

Cne high quality in vitro study examined the ability of
reagent-grade 2,4-D to induce the proliferation of an estro-
gen-responsive celf line, MCF-7 (Lin & Garry 2000). Reagent-
grade 24-D had no effet on MCF-7 cell proliferation.
Commercial grade 2,4-D L¥4 and 2,4-D amine caused a profif-
erative response, but, because the reagent-grade 2,4-D was
negative, this response in the commercial grade ingredients
was thought to be due to other components present in the
commercial formulations. The proliferation of MCF-7 cells can
occur via either an estrogen-related pathway or a non-estro-
gen-related mechanism; additionally the reliability of the test
method may be influenced by the derivation of the cell line
and culture conditions (Odum et al. 1998; Payne et al. 2000).
Therefore, a positive response in this assay alone is not

necessarily a reliable indicator of a compound’s estrogenic
potential.

The ToxCast™ assays lack the details in methods and
results required to fully establish validity, but serve to gener-
ally confirm the absence of in vitro effects on ER-binding or
transactivation. As noted previously, a recent analysis by Cox
et al. {2014) shows good <concordance between the
ToxCast™ resufts and EDSP endpoints indicative for potential
ER interaction. ToxCast™ assays showed no ER binding or
transactivation potential for 2,4-D.

Ecotoxicological studies

In the EDSP Tier 1 FSTRA {Marino et al. 2010, published in
Coady et al. 2013), 24-D exposed female fish showed
decreased fecundity at the high exposure concentration only
fnominal limit dose of 100 mg/L). Secondary sex characteris-
tics were not affected in males or females. There were no
effects on male or female VTG, fertility or gonadal histopath-
ology in the FSTRA, and it is considered likely that the high
dose effects on fecundity reflect stress or uncharacterized sys-
temic toxicity rather than an effect relating to interaction
with the estrogen pathway. Notably, there were no effects
signifying increased male VTG, which as noted is considered
a rank 1, ie. relatively specific and sensitive endpoint for
assessing potential estrogenicity {Borgert et al. 2014).

Data from an acceptable reproductive toxicity study in
quail {Mitchell et al. 2000) show no effects potentially related
to an estrogen pathway interaction at any dietary concentra-
tion. Ottinger et al. {2002} indicates that female quail show
declines in productivity following exposure to estrogenic
chemicals; no changes in egg production or hatching sugcess
were seen in the 24-D quail reproduction study.

There are limited data from high quality ecotoxicological
studies from the published literature. Crain et al. 1997 and
Spiteri et al. 1999 reported resuits after dosing alligator's
eggs with 2,4-D, Estradiol was used as a positive control. In
the first study, on pipping, chorio-allantoic fluid was analyzed
and blood from hatchlings (10-days post hatch) was analyzed
for estradiol. The sex of hatchlings was also determined. In
the second study, which followed a similar exposure regimen
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sive dose of 2,4-D to the dams during production of the Fib litters; high pup mortality was seen at this excessive dose.
180 mg/kg/day Fia pups shawed 2 statistically significant change n sex ratio (increased M pups), compared with the controls. This finding was not repeated in the F1b pups (3t a higher dose) and is considered unlikely

ity study {Rodwell 1983); Dev Tox Rabbit: OPP B3-3 Rabhit Developmental toxiaty study (Hoberman 1994).
TWarly et al. 201t Uterine weight differences were not statistically different from control and attributable to non-exposure related difference from control in stage of estrous cycle at termination; utetine weights were

to be exposure-related because of the lack of consistency.
5The gross and micrascepic evaluation of uten m the F1b PND 28 offspting showed no ewvidence of imbibed uten or uterine lining proliferation

| Evaluated but not sensitive; as implantations complete and offspring sex determined pros 16 iihation of dosing,

within HCD.
$Rodwell and Brown "985 The length of gestation was statistically significantly prelonged {by 1 day) in the production of the F1b pups at ~80 mg/kg/day, compared with contrals; may he attributable to the very exces-

¥Change in fetal sex ratio present; not attributed to test article as offspring sex determined prior to nitiation of dosing; implantations complete prioy to dosing; no evidence selective 1oss of temales

Table 3. Results for 2.4-D from requiatory reproductive/developrmental toxiaty studies relevant to potential interaction with the estrogen pathway.
All stuties

Endpoint scores in parentheses based on Borgert et al. 2014 imodified in some cases based on context or strength of response)

Study*®

EQGRT

Tweo Gen

Dev Tox Rat

Dev Tox Rabhbit

HMo evidence of potential interaction
OFinding over the TSRC

lincreased relative to control

-Endpoint not evaluated

(1} specific and sensitive to the hypothesis
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but incubated eggs at wwo different temperatures, gonadal
histopathology was evaluated. No effects of 2,4-D were
found, in contrast to estradiol. In the second study, males
and fermales exposed to 2,4-D were found to hatch at the
appropriate temperature for their gender, in contrast to
estradiol, in which the hatchlings were 100% female
phenotypically, regardless of the incubation temperature.
Additionally, gonadal histopathology was not affected at
any 24-D concentration. These studies were considered
valid; the use of a positive control gave the anticipated
responses. One reservation was that the amount of 24-D
penetrating the egg was not determined, therefore predic-
tions based on these studies are limited to the conditions
of exposure, i.e. application directly to the egg. These stud-
ies show that concentrations of 2,4-D applied to the eggs
of alligators did not produce feminization or other evi-
dence of estrogenic effects.

Mammalian studies

There were no effects on females or offspring in the EQGRT
study (Marty et al. 2010, published in Marty et al. 2013) sup-
porting either estrogenicity or anti-estrogenicity.

e There were no exposure-related effects on developmentai
landmarks, including AGD or age at vaginal opening;

s There were no effects on estrous cycle length or estrous
cycle pattern, including a lack of either persistent estrus
or interrupted cycling, at any dose levei;

s There were no exposure related effects on femate repro-
ductive indices, including mating, fertility, time to mating,
gestation length, pre- and post-implantation loss and cor-
pora lutea number (latter established in a sateliite study);

s There were no signs of dystocia in 2,4-D-exposed P1
dams;

e Litter size and pup survival were not affected by 2,4-D;

« There were no biclogically significant effects on repro-
ductive organ weights in adults or offspring at any dose
of 2,4-0; and

s There was no exposure-refated change in reproductive
organ histopathology, including ovarian follicle counts.

Thus, there was no pattern suggesting estrogenicity or
anti-estrogenicity in female rats exposed to 2,4-D in the
EQOGRT study.

Although slight increases in uterine weight {rank 3 end-
point in cycling aduits) were noted in adult females in the
ECGRT at the high-dose level compared to control; these
findings are not considered biclogically significant because:

s Increases were not statistically significant;

» Findings were In cycling females which have normally
variable uterine weights;

= Estrous cyclicity was extensively characterized and was
normal;

s The control uterine weights generally fell below HCD;

+ The high dose uterine weights were within HCD; and

e« There was no correlating histopathotogy, except for nor-
mal estrous cycle related changes.

{2} potentially sensitive for the hypethesis; stronger 1f correlated with Rank 1 data

13} relevant, but useful only if corroborating Rank (1) or 12) endpoints
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Table 14. Results for 2,4-0 from regulatory toxicity subchranic and chronic toxicity studies relevant to potennal Interaction with the estrogen pathway.
Study * Ovanes weight Ovaries histopathology

Rat SC {1}
Hat SC {2)
Rat €
Mouse SC
Mouse € {F)
Dag 5C (1)

Uterus hustopathology Mammary histopathotogy Vaginal histopathology

0
e

Dog SC (2

Dog €

*Rat SC (1} OPP 82-1 13-week rat subchronic toxicity study (Schuize 1% a); Rat 5C (2] OPP B2-1 13-week rat subchronic toxicity study (Gornnsks et al. “981a);
Rat C: OPP 83-5 two year rat chromic/oncogenicity studdy fleffnes et al. 13330 Mouse SC: OPP 82 1 13 week mouse subchrome toxicity study (Schulze 192310y
Mause CIF): OPP B3-2 mouse oncogematy study females iStott 1w15q4Y; Dog SC [1): OPP 82-1: 13-week dog subchronic toxiaty study [Schulze 19+ Dog SC (2):
OFP 82-1 13-week dog subchram¢ toxiaty study (Dalgard 1745 4) and Dog € (1): OPP 83-1: dog chrome toxicrty study (Dalgard 1993h),

tSchuoize bl Ovary werght increase at 300ma/kg/day high dose: mo correlating histopathological findings and stage of estrous cycle not controlled at
necropsy.

tleffries et al. 1995 Ovary weight decrease at 150mg/kg/day high dose terminal sacrifice attributable to body weight loss, no correlating histopathelogical

findings.

fA0ecreased incidence of mammary gland hyperplasia at 150 mg/kg/day terminal sacrifice; ikely attributable to body werght doss

All studies

WMo evidence of potential mteraction

OFinding over the threshold for remal saturation
Tincreased relative to controd

Decreased relative to contral

-Endpaint not evaluated

Endpoint scores in parentheses based on Borgert et al. /00 - [modified in some cases based on context or strength of response}

t1) specific and sensitive to the hypothesis

{2) potentially sensitive for the hypothesis, stronger if correlated with Rank 1 data

t3) relevant, but useful only if corroborating Rank {11 or (2} endpaints

It should be noted that the uterus was evaluated both
grossly and histopathologically in Fib PND 28 F344 female
rats (Rodwell & Brown 1985). This evaluation provided infor-
mation on uterine growth and/or stimulation in weanling ani-
mals that, while approaching puberty, were unlikely to be
cycling based on the time of puberty onset in F344 rats. The
absence of c¢ycling makes these young animals less variable
and more sensitive o potential estrogenic effects. There were
no effects on the uterine histopathology in these animals
even at a dose wel! above the TSRC.

In other regulatory guideline toxicity studies, including a
two-generation rat reproductive toxicity study, rat and rabbit
developmental toxicity studies in rats, and subchronic and
chronic toxicity studies in mice, rats and dogs, few endpoints
were observed suggesting either estrogenic or anti estrogenic
activity, even at dose levels causing significant systemic
toxicity.

One finding in the two-generation reproductive toxicity
{Rodwell & Brown 1985) suggesting possible endocrine tox-
icity {but not necessarily an interaction with the estrogen
pathway) was that the length of gestation was statistically
significantly prolonged (by 1day) in the production of the
Fib pups at ~BOmg/kg/day (HDT), compared with controls.
{Due to an inadvertent dosing error to the P animals during
production of the F1b treatment group, the actual 2,4 [t dose
for that qgeneration/littering was 2100 mg/kg/day). Length of
gestation is considered a Rank 3 endpoint. Gestation may be
prolonged because of difficuities in parturition, hormonal
imbalance, delays in implantation or decreased intrauterine
growth; other uncharacterized factors may also resuft in pro-
longed gestation. The first alternative is unlikely because no
evidence of dysiocia was reported. Because of the mis-dos-
ing, the high dose was well above the TSRC and significant
toxicity was observed, and this delay may simply be due to

excessive toxicity. There were no similar findings in the Fla
limering (high dose confirmed as B80mg/kg/day} in the
Rodwell and Brown (1985) study or in the Saghir et al
{2008a) range-finding study, in which a similar high and toxic
dose did not result in prolonged gestation, At most, the find-
ing of prolonged gestation in the Fib litters provides equivo-
cal evidence of a potentially treatment-related hormonal
imbalance resulting from 2,4-D exposure at a dose signifi-
cantly exceeding the TSRC {and exceeding a classically
defined MTD).

With a single exception, higher significance {Rank 2} end-
points in the mammalian regulatory studies showed no
effects of 2,4-D suggesting an interaction with the estrogen
pathway. The only exception was a change in ovary weight
in a subchronic rat study (Schulze 19%1a) at a high dose
exceeding both the MTD and the TSRC; however, there were
no correlating histopathological changes. The stage of the
estrous cycle was not controlled in this study and the ovarian
weight findings could have been due to chance. No other
possibly estrogen pathway-related effects were seen in
females in the subchronic rat toxicity study. More robust
ovarian assessment, such as in the EQGRT study in which
ovarian follicular counts were performed, showed no expos-
ure-related effects.

Two Rank 3 endpoints were affected in the chronic rat
study (Jeffries et al. 1995): ovary weight was decreased {with
no histopathological correlate) and mammary hyperplasia
was decreased, both at the terminal sacrifice at the high
excessively toxic dose of 150mg/kg/day. There was also a
decreased incidence of benign adenomas of the pars distalis
in the pituitary {which is an estrogen-sensitive tumor; Dinse
et al. 2010), in females at 150mg/kg/day. These findings
might point toward anti-estrogenicity, but are confounded by
the systemic toxicity which included marked body weight
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loss. Note that mammary histopathology in the chronic rat
study is ranked a 3 for sensitivity {as opposed to 2 for this
endpoint in subchronic studies} because the high background
incidence of mammary tumors in the F344 rat strain is a
potential confounder.

The mouse subchronic {Schulze 1991b) and chronic (Stott
19954a) studies showed no effects on uterine or ovarian histo-
pathology. The dog subchronic {5chulze 1940 and Dalgard
1993a) and chronic studies (Dalgard 1993b} similarly showed
no effects on ovary weights, or on uterine, vaginal or mam-
mary gland histopathology.

As noted previgusly, estrogens could alter male reproduct-
ive systern endpoints including testes weight, sperm develop-
ment or histopathology. The Marty et al. {2010) EOGRT study
showed no testicular weight or histopathology findings attrib-
utahle to a potential endocrine pathway interaction. Sperm
parameters including testicular and epididymal sperm counts,
motility and morphology were not altered in the Marty et al.
{2010} study. Testicular weights and histopathclogy in the
Rodwell and Brown (1984) two-generation reproductive tox-
icity study showed no exposure-related findings. Findings in
these studies in males and on male repraductive tissues in
the subchronic and chronic toxicity studies will be discussed
in detail in the assessment of potential interactions with the
androgen pathway.

Other mammalian studies relevant to potential interac-
tions with the estrogen pathway

In a study by Dinamarca et al. {200/}, ICR/Jc| mice were
mated, and subsequently administered 2,4 D as a "pure com-
pound” {purity unspecified) or as a commerciaily available for-
mulation available in Chile {unspecified) in drinking water at
concentrations providing mg/kg/day doses of 0, 0.01, 0.10 or
100 mg/kg/day from gestationat day (GD) 0-9. The dose spac-
ing in this study was designed to address the iow dose
hypothesis proposed by Cavieres et al. (2002). (The Cavieres
et al. research is summarized in Supplementary Appendix VIL]
Maternal toxicity was evaluated. Mice were bled at GD 9 for
biochemical evaluations and cesarean-sectioned. Ovaries were
evaluated for numbers of corpora lutea and uterine horns
were evaluated for number of implantation sites, resorptions
and live embryos. There were no signs of maternal toxicity
nor differences in body weight gain between the dosed
groups and the control. Numbers of corpora lutea, implant-
ation sites, resorptions and live embryos were similar
between the dose groups and control. The Dinamarca et al,
study demonstrated that the finding of decreased implanta-
tions reported in mice exposed to 2,4-D by Cavieres et al.
{7002} could not be replicated, even with an exposure period
correctly designed to explore this possibility. The only limita-
tions we identified in the Dinamarca et al. study was the fai
ure to identify the specific purity of the "pure” test substance,
and the lack of confirmatory dose analyses.

Regulatory developmental toxicity studies in rats and rab-
bits on various esters, amines and salts of 2,4-D summarized
by Charles et al. (2001} do not predict any estrogenic activity.
This publication is considered Klimisch criteria 2 based on
refative absence of detail in reporting because of the large
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number of studies covered. The individual studies were
guideline compliant, with the exception of the rabhit devel-
oprmental toxicity study of 2,4-D DMA, which had a reduced
number of litters available for evaluation. However, develop-
mental toxicity was considered ta be adequately character-
ized in this study. None of the rat or rabbit developmental
toxicity studies showed any effects on maintenance of preg-
nancy, or urogenital maiformations of the type that may sig-
nify endocrine modulating activity.

Another article by Charles et al. {1996a} presents data
from severai rat subchronic toxicity studies conducted with
24-D DMA, or 2,4-D 2-ethylhexyl ester {2-EHE), and with the
24-D acid study by Schuize {1991a) discussed above. This
publication is considered Klimisch criteria 2 based on relative
absence of detail in reperting because of the large number
of studies covered, The studies were GLP guideline studies
conducted to satisfy US EPA regulatory testing requirements.
Fischer 344 rats {10/sex/dose group} were dosed in the diet
with target doses of 0, 1, 15 100 and 300mg/kg/day
{expressed as acid equivalent doses) for 90 days. Endocrine
endpoints relevant to potential interactions with the estrogen
pathway included: ovary organ weight, and mammary gland,
ovary, and uterine histopathological evaluations. There was
no evidence of potential interaction with the estrogen path-
way in these studies.

A third article by Charles et al. {1996h) presents data from
dog subchronic toxicity studies conducted with 2,4-D DMA,
or 2,4-D 2-EHE. It also includes results from subchronic and
chronic dog studies on 2,4-D acid (Dalgard 1993a, 1993b),
which were reviewed based on the study reports. This publi-
cation is considered Klimisch criteria 2 based on refative
absence of detail in reporting because of the number of stud
ies covered. These studies were GLP guideline studies con-
ducted to satisfy US EPA testing requirements. Beagle dogs
{(4/sex/dose group) were dosed in the diet with target doses
of 0, 1.0, 3.75 and 7.5mg/kg/day (expressed as acid equiva-
lent doses).

Endo¢rine endpoints evaluated in these subchronic and
chronic studies most relevant fo the estrogen pathway
indluded ovary weights, and histopathological evaluations of
mammary gland, ovary and uterus. Clinical signs, body
weight, feed consumption, clinical pathology and evaluation
of standard target organ histopathology were also performed
in these studies. There were no dose-related findings in pos-
sible estrogen pathway-related female endpeints, even
though the high dose caused marked systemic toxicity.

In conclusion, the EDSP Tier 1 assays of 2,4-D considered
relevant to the estrogen hormonal pathway, and the Mary
et al. (2010) Tier 2 EDSP EOGRT study were judged to be
guality studies. Further, the results were considered reliable
for assessing the potential interaction with the estrogen path-
way for 2,4-D, supplemented by information in other regula-
tory studies of 2,4-D as well as the high-guality studies
available in the published literature. Based on a WoE evalu-
ation of the available data, including the absence of poten-
tially estrogenic or anti-estrogenic exposure-related findings
in the Marty et al. {2010) EOGRT study, the lack of evidence
for potential estrogen pathway interactions predicted by the
other regulatory mammalian toxicity studies at doses below
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the TSRC, the weak and non-specific response in the FSTRA,
the absence of any adverse effects in the quail dietary repro-
ductive toxicity study, the absence of adverse effects in high
quality studies in the published literature and the negative
Tier 1 EDSP in vitro ER binding and £R transactivation assays
as well as negative ToxCast'™ and other high quality in vitro
screening data relevant to the estrogen pathway, it is con-
cluded that 2,4-D does not show evidence for direct inter-
action with the estrogen pathway.

WoE evaluation for the androgen hormonal pothwoy

Two EDSP Tier 1 screening assays, including the AR binding
assay (LeBaron et al. 2011b, published in Coady et al. 2014)
and the FSTRA (Marino et al, 2010, published in Coady et al,
2013), provide data relevant to assessing whether 2,4-D
potentially interacts with the androgen hormonal pathway.
No Hershberger or male pubertal assays were required far
2,4-D because of the recently completed EOGRT study Marty
et al. (2010) {published in Marty et al. 2013). The EOGRT study
provides information on all endpoints included in the male
pubertal assay, with the exception of serum testosterone lev-
els, and provides additional endpoints sensitive to androgen
deficiency not assessed in the pubertal study including AGD
and nipple retention in males. Endpoints considered most
relevant for assessing potential interactions with the andro-
gen pathway are findings from the Marino et al. {2010) Tier 1
EDSP FSTRA, the Marty et al. (2010} Tier 2 EOGRT study, the
Rodwell and Brown (1985) two-generation reproductive tox-
icity study, the Rodwell {1583) developmental toxicity study,
the Hoberman (1990} developmental toxicity study. These
studies, along with the subchronic and chronic toxicity stud-
ies are summarized below in Tables 15-17.

There were no findings for 2,4-D that suggest a potential
androgen pathway interaction at doses less than the TSRC in
any mammalian species, and only very limited in vitro data
suggesting a direct interaction with this pathway is possible,
The ranking used in the following tables reflects an assess-
ment of the validity of the endpoints for assessing anti-
androgeniity.

As noted previously, the WoE for each pathway depends on
multiple other factors besides the rankings, and the rankings
themselves may be modified based on the strength of a par-
ticular response. The WoE may also be influenced by context,
e.g. decreased secondary sex characteristics in male fish is
probabily a stronger signal for potential anti-andregenicity than
for estrogenicity, but may ke due to other toxicity or to effects
on steroidogenesis or interaction with the HPG axis rather than
due specifically to potential anti-androgenicity. In contrast, an
increase in nuptial tubercles in female fish appears closely asso-
ciated with androgenicity and is considered a rank 1 endpoint
for assessing the potential interaction with the AR (Borgert
et al. 2014). Additionally, typical variance in a parameter in an
assay should be considered in ranking that parameter.

More confidence in & potential anti-androgenic pathway
interaction would come from corroborative findings in the in
vitro AR binding and transactivation assays. Findings such as
markedly delayed {2-3day) preputial separation in a repro-
ductive toxicity assay, urogenital anomalies in fetuses or pups

exposed fn utero in developmental or reproductive toxicity
studies and alterations in male gonad histopathotogy in
repeat dose studies and diminished male secondary sex char-
acteristics in the FSTRA would strongly signal antf-androge-
nicity, particularly if the in wvive findings occurred at not-
otherwise systemically toxic concentrations. Importantly, no
such corroborative evidence of anti-androgenicity was
observed across the 2,4-D studies,

In vitro studies

The in vitro EDSP Tier 1AR binding assay (LeBaron et al
2011h, pubtished in Coady et al. 2013) for 24-D was
negative.

In a high quality published in vitro study, Kojima et al.
{2004) examined the ability of 2,4 D to act as either an agon-
ist or an antagonist of the human AR in transiently trans-
fected CHO K1 that also expressed a luciferase reporter
plasmid cantaining an androgen responsive element (ARE)
over a range of test compound concentrations {10 *-10 *
M), Kojima et al. found no effects associated with 24-D
exposure and is considered to provide reliable data regarding
the lack of abitity of 2,4-D to act as an agonist or antagonist
at the AR in vitro.

Sun et al. (2012) reported the results of |uciferase reporter
gene assays to measure the effects of 24-D on AR in Vero
cells, derived from African green monkey kidney epithetium,
which do not express the AR endogenously, Transfected cells
were exposed to a range of concentrations of 2,4-0 based on
the maximum contaminant level [atlowed] (ML) in Chinese
drinking water, i.e. cells were treated with 0.003, 0.03, 0.3 and
3.0mg/L 2,4-D. There was no detectable androgenic or anti-
androgenic activity at any of the 2,4-D concentrations tested;
however, at the high concentration defined as 100x the MCL,
2.4-D was reported to enhance the effects of testosterone in
the AR antagonist assay. The rationale for dose selection was
questionable in this study; the effect was seen only at a high
concentration far exceeding potential human exposure
{Aylward & Hays 2008} although it fails within the linear TK
range in rats. Further, the biological basis of this assay and
relevance of this finding is questionable as the test was spe-
cifically designed to measure anti-androgenic activity rather
than potentiation or androgenic activity.

The ToxCast™ assay battery developed and run under the
auspices of the US EPA showed no evidence of interaction
with the AR in either a cell-based or cell-free system.
ToxCast™ assays showed no AR binding or transactivation
potential for 2,4-D.

Similar to findings for estrogen pathway-related activity,
an analysis by Rotroff et al. (2013} and a separate analysis by
Cox et al. (2014) showed relatively good concordance
between the ToxCast™ results and EDSP Tier 1 endpoints
indicative for potential AR interaction, including Hershberger
assay resulis.

Ecotoxicological studies
In the FSTRA {Marino et al. 2010, published in Coady et al.
2013), there were no specific effects on male fish suggesting
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Table 15. Results for 2,4-D from EDSP tier 1 in vitro and ecotoxicological assays relevant to potential interaction with the androgen pathway,

Fish
AR Fish behaviar  Fish Fish Fish nuptial nuptial Fish Fish Fish gonad Fish gonad
Study”  binding {sex-linked}' fertility fecundity tubercies (M} tubercles (F} GSi M} GSI{F] histopathology (M) histopathology (F]  ¥TG (M) VTG (F)
e - - - - - - - -
FrRa - [N NN N S N B Y RS DS e e

“ARB: OPPTS 890.1250 AR-binding assay (LeBaron et al. J011h); FSTRA: OPPTS 890.1350 fish short-term reproduction assay (Marine et al, 2u1p),
tBased on impression of typical male nest-quarding behavior which may be associated with testosterone concentrations (O'Connor et al, 2011); no detailed

assessment conducled
All studies
MNMo evidence of potential interaction
—Endpoint not evaluated

Endpoint scores in parentheses based on Borgert et al. {01.) {modified in some cases based on context or strepgth of response)

{17 specific and sensitive to the hypothesis

12) potennally sensitive for the hypothesis; stronger if correlated with Rank 1 data

13) relevant, but useful only i correborating Rank {1} or (2) endpoints

an androgen pathway interaction. There were no effects on
secondary sex characteristics in female fish ({occurrence/
increase nuptial tubercles in fermate fathead minnows is a
Rank 1 endpoint for androgenicity), and no effects on VTG or
gonadal histopathotogy in either males or females.

A reproductive toxicity study in quail (Mitchell et al. 2000}
did not show any findings potentially associated with inter-
action with the androgen pathway,

There are limited data from high quality ecotoxicological
studies from the published literature. Crain et al. {1997,
1999) and Spiteri et al. (1999} reported results after dosing
alligator's eggs with 2,4-D. Estradiol was used as a positive
control for estrogen pathway mediated effects; there was
no positive control for androgen mediated effects. In the
first study, at pipping, chorio-allantoic fluid was analyzed
and blood from hatchlings (10 days post hatch} was ana-
iyzed for testosterone. The sex of hatchlings was also
determined. The 1999 study included evaluation of testicu-
far histopathology. Gonadal histopathelogy was evaluated
in a study by Spiteri et al. (1999) which followed a similar
exposidre regimen, but incubated eggs at two different
temperatures. {Incubation temperature normally determines
sex of alligator eggs.) There were no effects of 24-D on
testosterone concentrations or on testicular histopathology
following 2,4-D exposure. The studies were considered valid
{Kiimisch 2). One reservation was that the amount of 2,4-D
penetrating the egg was not determined. Conseguently,
predictions based on these studies are limited to the con-
ditions of exposure, ie. application directly to the egg.
These studies provide support that 2,4-D applied to alliga-
tor eggs at concentrations up to 14ppm do not alter tes-
tosterone concentrations or affect male reproductive system
histopathology in the exposed offspring.

Mammalian studies

There were no effects in the Marty et al. (2010) EQGRT study
{published in Marty et al. 2013) considered to reflect an
androgenic or anti-androgenic mode of action. Although
there were several study findings that could support potential
anti-androgenicity, these were found either not exposure-
refated, not replicated across generations, or were attribut
able to other factors such as randomization artifacts.

Preputial separation was slightly delayed (1.6 days) in the
F1 males at 800 ppm, which was attributed tc decreased
growth during lactation and post-weaning. Although prepu-
tial separation delay is a Rank 2 finding for anti-androgeniciry,
the magnitude of the effect was very slight. Body weight at
the time of puberty onset was similar in 800 ppm males and
controls, despite the delay in onset for the high dose group.
These data indicate that 800 ppm 2,4-D had an effect on the
rate of growth in peri-pubescent male rats, The magnitude of
the delay in preputial separation was consistent with reduc-
tions in body weight as demonstrated by a feed restriction
study (Marty et al. 2003}, and supports that the decreased
growth, as opposed to anti-androgenicity, was responsible for
the delay in preputial separation in the 2,4-D EOGRT study.

In P1 adult males, decreased seminal vesicle and prostate
weights (without corresponding histopathological changes)
were seen at >300ppm; prostate weights were not statistic-
ally different from control. The control weights for the sem-
inal vesicles and prostate were atypically high compared to
HCD, and the high dose findings were within HCD. Two high
dose males showed testicular atrophy (within HCD}. None of
these Rank 2 findings were reproduced in the F1 generation,
which had higher and longer duration exposures. As noted
previously, based on the absence of dose-related increased
implantation loss or fetal deaths, there was no evidence that
a sensitive sub-population was removed.

Decreased testis weights in 600-ppm PND 22 F1 weanlings
were attributed to decreased body weights. A previous feed
restriction study with untreated rats showed weanling testes
weights alter with decreased body weight (Carney et al.
2004). In contrast, testes weights are conserved in the pres-
ence of similar/modest body weight decrements in adult
male rats {Chapin et al. 1993). In the EOGAT study, there
were no histopathologicai findings in the testes, and no
effects on testis weights or histopathology were seen in adult
F1 males.

Other endpoints sensitive to anti-androgenicity, including
AGD and nipple retention in F1 offspring, were not altered.
As noted in Marty et al. 2013, ‘These endpoints are consid-
ered highly sensitive to altered androgen status (Clark 1999;
Mcintyre et al. 2001; Wolf et al. 2002; Hotchkiss et al. 2004}."

Other androgen-sensitive endpoints examined in F1 gener-
ation adults, including sperm parameters, male reproductive
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Tabte 17. Results for 24-D from regulatory subchromic and chronic toxicity studies i rat, mouse and dog relevant to potential interaction with the androgen
pathway.

Testes Epididymides Epididymides Seminal vesicles Prostate Coagulating glands
Study” Testes weiaht histopathaloay weight histopathalogy histopathology histopathology histopathology
Rat SC (1) L - - -
Rat 5C (2) - I B BN
Rat SC (3 - - - - -
Rat € - I -
Mouse SC - - - -
wouse C o) [N - AN SIS S
Dog SC {1} 33 RE - - -
Oog SC (21 - - -
Dog € — - - -

"Rat 5C (11 13 week rat subchramic toxicity study (Schulze 1w 0k 5C (20 13 week rat subchronic toxioty study 82-1 {Gorainskr et al. 19374} 5C {31 13 week rat
subchronic toxicity sludy {Goransks et al. 193816} Rat . OPP 83-5. Two year fat chronic/oncogenicity study (leffries et al. 1995 Mouse 5 OPP 82-1 13 week
mouse sulchronic toxiaity study (Schulze 19+ 1b); Mouse C (M) OPF 83-2 mouse ancogenicity study (males) (3tott 197%0); Dog SC (1) OPF 82-1: 13-weeh dog
subchromic toxicity study (Schulze 1°440), Dog SC (2)- OPP 82 1: 13-week dog subchronic toxicity study (Dalgard 1%33.) and Dog C. OPP 83-1: dog chronic tox
icity study {Dalgard 17931,

tSchulze 1'1710 and Gorzinskr et al 1@ 1, Testes weight: decrease at ~100mg/kg:day; atrophy at 300 mgrkg/day tdoses far exceeded TSRC and systemically

towic),

$leffries et al 14735 Atrophy in 2/10 animals at 150 mg/kg/day in interim sac; not evident at termination {dose far exceeded TSRC and systemically toxic).
fiStott 19u5h Relative weight increased but not absolute weight at 24 month only; atiributed ta body weight decrease.

§5chulze 1990 Testes weight decreased at 10 mg/kg/day [dose exceeded TSRC and MTD); juvenile animals tested.

"tHypospermia i 2 of the 10 mgrkgiday dose group surviving dogs, equvocal relationship 1o exposure (dose exceeded MTD) and juverile animals tested.
#Epdidymal weight taken with testes weight; see comments on testes; no histopathological correlates in eprchdymides.

“*Dalgard 1493a Testes weight decreased at 7.5 mg/kg/day dose {dose systemically toxic and exceeded TSRO), juvenile animals tested

t+ Juvenile” prostate noted in all groups; not exposure-related
All stuches:

NMo evidence of potential interaction

QFinding over the threshold for renal saturation

[Increased relative to control

| Decreased relative to control

-Endpoint not evaluated

Endpont scores in parenthesis based on Borgert et al. N1+ {modified in some cases based on context or strength of response}

{1} specific and sensitive to the hypothesis

{2} potentially sensitive for the hypathesss; stronger if correlated with Rank 1 data

131 relevant, but useful only if corroborating Rank (1] or (2] endpaints

studies could hypothetically be associated with anti-estroge-
nicity or with androgenicity; they could as readily hypothetic-
ally reflect changes in steroidogenesis caused by the severe
systernic  toxicity at the excessive dose levels which far
exceed the TSRC, or simply reflect direct non-endocrine medi-
ated target organ toxicity, such as that induced by oxidative
stress, Given that there is no other potential evidence of
androgenicity or anti-androgenicity in these studies, alterna-
tive mechanisms present a more likely hypothesis.

Decreased testicular weights were noted in two sub-
chronic dog studies (Schulze 1990; Datgard 15Y3a) at high
flethal or close to tethal) dase levels clearly exceeding the
TSRC (and classically defined MTD) in that species. The
Schulze (1990} subchronic dog study also showed an
increased incidence of testicular lesions {giant cells and hypo-
spermatogenesis) albeit at a lethal dose. Evaluation of the
two 24-0 dog subchronic studies together, which were con-
ducted at the same laboratory, however, shows a high com-
bined control incidence of these lesions. A high historical
control incidence has also been reported for these findings in
the histapatholagical literature, particularly for juvenile dogs.
Immature dogs (less than 9 months of age} have been
reported to have control incidences as high as 75% of both
decreased testes weight and hypospermia {Goedken et al
72008}, In the Goedken et al. analyzes of data from a large
popufation of control dogs, atrophic/hypoplastic tubules in
the testes were seen in 26.3% of all dogs, with 25-40% of
dogs under 12 months old showing this finding. Evaluation

of body weights, and control testicular and prostate histo-
pathology (detailed in Suppiementary Appendix IV) demon-
strates the dogs in these subchronic studies of 2,4-D were on
the fower end of the stated age range of 4-6 months old at
study initiation and clearly juvenile {less than 9 months old)
at terminal sacrifice. Additionally, the high incidence of find-
ing of “juvenile prostate” in the Dalgard 1993a study (pros-
tate was not evaluated in the Schulze {1990) study) supports
that the dogs were immature. It seems likely that the
decreased testes weights in both subchronic studies and
histopathological findings in the testes of the dogs in the
Schuize (19490) study are an artifact related to the young age
of these animals, or at most, represent delayed development
caused by the extremely toxic high dose. Supporting this
possibility, a chronic study in dogs {Dalgard 1993b) showed
no exposure-refated effects on testes weights or histopath-
ology following a one-year exposure to 2,4-0 at a high dose
level {110 reduced to 7.5 mg/kg/day). generally equivalent to
the high dose in the prior subchronic studies. Reversibitity of
an exposure-related testicular finding such as atrophy in a
continuous exposure situation is very unlikely; so the absence
of effects in the dog chronic study supports that the findings
in the subchronic dog studies were not exposure-related.

Published mammalian studies relevant to the androgen
pathway

Two studies by Lamb et al. {19813, 1981b) evaluated poten-
tial male reproductive effects. 'n both studies, male C57BL/6N
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mice were dosed for & weeks with combinations of organo
chlorine chemicals including 2,4-D. Approximate exposures to
2,4-D were 40 mg/kg/day and 20mg/kg/day (in combination
with varied concentrations of the other compounds). The
high dose of 2,4-D is considered likely to approximate the
TSRC (rats and mice have similar expression of the GAT-1
transporter {Buist & Kiaassen 2004)), so the 2,4-D dose was
appropriate and not limited by the toxicity of the other mix-
ture components. Controls received untreated diet. Lamb
et al. {19814, 1981b} incuded evaluation of male fertiiity
{mating the dosed males with untreated fernales), and sperm
number, motility and morphology. Females were either cesar-
ean sectioned at gestation day 18 for fetal evaluation or
alfowed to deliver and rear their pups until PND 21 for evalu-
ation of offspring birth weight and viability. There was no
effect on mate fertility, sperm parameters or reproductive per-
formance of the dosed males; development and survival of
fetuses and pups in the dosed groups were similar to that of
the control mice. The study provided no evidence of male-
mediated reproductive toxicity or of endocrine disrupting
activity of 24 D in these mixtures of chemicals and provide
data supporting that there is no evidence of potential andro-
gen pathway interactions for 2,4 D. The studies are high qual
ity; the primary weakness in these studies, as it relates to 2,4-
D specifically, is that they test only mixtures.

Requlatory developmental toxicity studies in rats and rab-
bits on various esters, amines and salts of 2.4-0 summarized
by Charles et al. (2001} do not predict any androgenic activ-
ity. None of the rat or rabbit developmental toxicity studies
showed any urcgenital malformations of the type that may
signify endocrine modulating activity.

An article by Charles et al. (19964} presents data from rat
subchronic toxicity studies conducted with 2,4-D DMA, or 2,4-
D 2-EHE as well as with the acid (discussed above (Schulze
1991a)}. These studies were GLP guideline studies conducted
to satisfy US EPA testing requirements. Fischer 344 rats (10/
sex/dose group} were dosed in the diet with target doses of
0, 1, 15, 100 and 300 mg/kg/day (expressed as acid equivatent
doses) for 90 days. Endocrine endpoints relevant to potential
interactions with the androgen pathway included: testes
weight; and epididymides, prostate and testes, histopatho-
logical evaluations. Clinical signs, body weight, feed con-
sumption, clinical pathology and evaluation of standard
target organ histopathology were also assessed in these stug-
ies. Findings were similar to those reported for 2,4-D acid,
and all occurred at a very high and severely systemically toxic
dose level. Relative testes weights were decreased at
300 mg/kg/day {acid equivalent], and testicular atrophy was
noted at the same dose level. This dose far exceeds the TSRC;
and the marked systemic toxicity couid have contributed to
the testes findings.

A second article by Charles et al. {1996h) presents data
from dog subchronic toxicity studies conducted with 2,4-D
DMA or 2,4-D 2-EHE {and also included one of the dog sub-
chronic studies (Dalgard 1993a) and the dog chronic toxicity
study (Dalgard 1993b} on 2,4-D acid discussed above}, These
studies were GLP guideline studies conducted to satisfy US
EPA testing reguirements, Beagle dogs (4/sex/dose group}
were dosed in the diet with target doses of 0, 1.0, 3.75 and

7.5mg/kg/day {expressed as acid equivalent doses).
Endocrine endpoints evaluated in these studies possibly rele-
vant to the androgen pathway included testes weight; and
epididymides, prostate and testes histopathological evalua-
tions. Clinicai signs, body weight, feed consumption, clinical
pathology and evaluation of standard target organ histopath-
ology were also performed in these studies.

There were two findings in these studies that potentially
could be related to androgen pathway modulation, although,
similar to the hypothesis for the subchronic dog findings
with 2,4 D acid, they more likely reflect the immature age of
the dogs. Relative testes weights were decreased in the mid
dose but not high dose of both the 2,4-D DMA and 24-D
EHE subchronic studies. {In the subchronic study of 2,4-D acid
{Dalgard 1993a) reviewed above, testes weight decreases
were seen at the high dose). The absence of dose response
in the 24-0 DMA and 2.4-D EHE studies supports that the
finding in the 2,4-D acid study was related to the immature
age of the test animals, as discussed previously, and occurred
by chance. Additionally, there were no exposure-related histo-
pathological lesions in the testes in the 2,4-D DMA and EHE
subchronic studies.

The second finding in the dog studies reported by Charles
et al. {1996b] is that inactive/juvenile prostates were noted in
several high-dose males in the subchronic studies of 2,4D
DMA and EHE; the authors concluded this finding is likely to
be related to delayed development from poor nutrition. We
consider it likely that this finding also {or possibly primarily}
reflects the immature age of the test animals. First, this find-
ing was not made in the chronic 2,4-D acid dog toxicity study
which tested a similar high dose on an acid equivalent basis,
Dogs at study initiation in the subchronic 2,4-D DMA and
EHE studies were relatively young (4-6 months old at study
initiation according to Charles et al, {1996Db}); review of body
weight data suggests many of the dogs were on the low end
of this age range. In the subchrenic 2,4-D acid dog study
{Dalgard 1993a), the incidence of the juvenile/inactive pros-
tate finding shows a clearly non-dose related pattern, includ-
ing the presence of this finding in control dogs. As discussed
above in the context of the 2,4-D acid dog studies, a very
high incidence of decreased testes weights and the same tes-
ticutar lesions observed in these studies has been reported in
young control dogs; an increased incidence of juvenile/
inactive prostate is also a typical finding in juvenile dogs (as
indicated by the terminology for this finding).

The evaluations by Charles et al. {19960, 19%6b) also
support that findings from the rat and dog subchronic
studies on 2,4-D acid are generally consistent with findings
with the salts and esters of 2,4-D i(when doses are
expressed as acid equivalents}, and that there are no
unigue toxicities, endocrine-mediated or otherwise, associ-
ated with these forms.

Epidemiological studies

Three Jimited epidemiological studies evaluating potential
associations of 2,4-D and changes in human sperm parame-
ters {Lerda & Rizzi 1991; Swan et al. 2003} or hormaonal bio-
markers (Garry et al. 2001} were identified. The Lerda and
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Rizzi {1991) study is considered too limited in scope and rele-
vant details, and is not considered to provide reliable evi-
dence of male reproductive toxicity or endocrine disruption
resulting from occupational exposure to 2,4-D. Swan et al.
{2003} is considered too limited, due to the low numbers of
control and case subjects with urinary 2,4-D levels above the
LOD, to be considered in the WoE as evidence for presence
or absence of an association. Garry et al. {2001} found no cor-
refation between FSH, free testosterone, or total testosterone
concentrations with 2,4 D urinary levels at the time of max-
imum 24-D usage. LH levels were reported to show a correl-
ation, but the autheors indicated the limited sample size
warrants caution in drawing any <onclusions from this study.
It should also be noted that the anirmal studies showed no
findings congruent with aitered LH levels, such as increased
Leydig cell tumors.

Based on a weight of evidence evaluation of the avail-
able data, including the absence of evidence for potential
androgen pathway interactions in the Marty et al. {2010}
Tier 2 EDSP equivalent EOGRT study, the lack of evidence
for potential androgen pathway interactions predicted by
the other key mammalian toxicity studies at doses below
the TSRC, the absence of androgen-pathway-related
responses in the FSTRA, the absence of adverse effects in
the quail dietary reproductive toxicity study, and the nega
tive Tier 1 EDSP in vitro AR binding, the negative
ToxCast'™ AR binding and AR transactivation and other
high-guality published in vitro screening data and in vivo
studies relevant to the androgen pathway, it is concluded
that 2,4-D does not show evidence for direct interaction
with the androgen pathway {either androgenic activity or
anti-androgenic activity} at exposure levels relevant for
human or ecologicat risk assessment.

Wok evoluation for the steraidogenic pathway or HPG
axis interactions

Three EDSP Tier 1 screening assays relevant to steroidogen
esis are available for 24-D, including the steroidogenesis
{LeBaron et al. 2011¢} and aromatase (Coady & Sosinski
2011) in vitro assays (published in Coady et al. 2014) and
the FSTRA (Marino et al. 2010, published in Coady et al.
2013). The Marty et al. {2010} EOGRT study is an EDSP Tier
2 equivalent mammalian assay that also provides data pos
sibly relevant to assessing whether 2,4-D interacts with the
steroidogenic pathway. as do the key regulatory toxicity
studies. The in wivo Tier 1 assay and key toxicity study
results that may indicate potential interaction with the ster-
cidogenesis pathway owverlap substantially with those rele-
vant to assessing potential fnteractions with the estrogen
and androgen hormonal pathways, because the steroido-
genic pathway is critical for the production of both estro-
gens and androgens. Positive effects in the in wvitro
stercidogenesis or aromatase assays provide supporting evi
dence that in vivo findings are influenced by interactions
with these pathways, but negative findings do not rute out
potential interactions. Endpeints and findings potentially
relevant for addressing interactions of 24-D with the steroi-
dogenic pathway are found in Tables 18-20.
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Also relevant are selected parameters from the avian
reproductive toxicity study, and results from published in
vitro and in vive studies. It should be noted that limited high
guality published data are available investigating this poten-
tial mechanism. Supplementary information from the
ToxCast™ aromatase assay is noted; no relevant aromatase
or steroidegenesis assays were found in the peer reviewed
literature,

Evaluation of potential interactions with the HPG axis is
based on studies in intact mammals; relevant endpoints are
not evaluated in other studies. Data are not separately tabu
lated to evaluate this interaction, as the gonadal findings are
adequately captured by the evaluation for steroidogenesis
interactions. Pituitary findings are discussed in the text.

As mentioned previously, the WoE for each pathway
depends on multiple other factors. Changes in steroido-
genic activity may be an underlying mechanism for
changes in parameters that are also affected by androgen
and/or estrogen pathways. The reader should be mindful
that interaction with steroidogenesis pathway is also diffi-
cult to distinguish from findings secondary to systemic tox-
icity, because stercidegenesis depends on a complex and
interrelated system of hormonal synthesis and feedback
which may be influenced markedly by factors such as a
decrease in the cholesterol starting material (from poor
nutrition or disruption of synthesis or metabolism in the
liver} or changes in membrane transport of steroid precur-
sors, changes in mitochondrial function or other effects
mediated by oxidative stress or through other membrane
toxicity,. Mon-specific stress due to excessive toxicity or
non-compound-related factors such as immobilization may
also affect the steroidogenic process (Orr et al. 1994; Ornr &
Mann 1990). Adrenal weight and specific histopathological
changes may point toward a steroidogenic or stress-related
mechanism, but it should be noted there are multiple sites
for steroidogenesis in the intact organism.

Note there are no exposure-related or equivocal findings
that suggest altered steroidogenesis for 2,4-D in mammalian
studies betow the TSRC, and no specific evidence of modula-
tion of steroidogenesis in the FSTRA.

In vitro studies

In the Tier 1 EDSP steroidogenesis assay (LeBaron et al
2011¢, published in Coady et al. 2014}, there was a slight
increase in estradiol in all runs at the high concentration only
{100 uM), The 1.2-fold increase was below the 1.5-fold
response threshold established in the EDSP steroidogenesis
validation assays as a positive response {Hecker et al. 2008),
and therefore this finding is not considered biologically
meaningful.

The Tier 1 EDSP aromatase assay (Coady & Sosinski 2011,
published in Coady et al. 2014} was negative. The ToxCast™
aromatase assay developed under the auspices of the US EPA
also showed no evidence of aromatase inhibition.

The published in vitro literature lacked high quality studies
evaluating potential effects on steroidogenesis or aromatase.

Based on the above data, it is unlikely that 2,4-D affects
steroidogenesis in vitro.
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Tabie 18. Results for 2,4-D from EDSP tier 1 in vitro toxcology and ecotoxicolagy assays relevant to potential interaction with steroidogenesis.

Fish Fish Fish
Fish Fish gonad gonad gonad Fish gonad
Arormatase Fish Fish nuptial nuplial somati  somabic  histopathology  histopathology VTG VTG
Study” Sterordogenesis  inhibition  fecundity fertihty  tubercles (M) tubercles {F) index (M) index {F) {M} {F] M) {F)
Stervidogenesis | NN - - - - - -~ - - - - -
Aramatase - | - - - - - - - - - -
FSTRA - - I I S D D S s . B

“Steroidogenesis: OPPTS 830.1550 Stervidogenesis ttecaron el gl 21 |); Aromatase: OPPTS 890.1200 Aromatase (Coady & Sosinski 20 1); FSTRA: OPPTS 890.1350

Fish shori-term reproduction assay (Manno et al Juiu)

FLeBaron et al. 21", Steroidogenesis assay showed shght increased estradiol in all runs at the high concentrativn The fold increase was below that established
in the EDSP validation assays as a positive response [Hecker et al. 230k), and s therefore not considered biciogically meaningful,
$Maring et al. 201 Decreased fecundity observed only at high dimit dose] concentration; non-specific finding

All studies

NNo swvidence of mteracion

LEquivocal evidence of potential interactionat the limit daose onty
-Endpoirt not evatuated

,Decreased relative to control

MMale

FFemale

Endpomt scores in parentheses based on Borgert et al. 2011 [modified 1n some cases based on context or strength of response)

{1 specific and sensitive to the hypothesis

12] potentially sensitive for the hypothesss; stronger if correlated with Rank 1 data

{3 relevant, but useful only if carrcharating Rank (1) or (2} endpaints

Ecotoxicalogical studies

The FSTRA (Marino et al, 2010; Coady et al. 2013) showed no
findings likely to be associated with increased or decreased
testosterone or estradiol. Secondary sex characteristics, fertil-
ity, gonadal somatic index (G51), gonadal histopathology, and
VTG levels were not affected in this study in males or
females, There was only the single finding of decreased
fecundity, at the high concentration only, which could poten-
tially be associated with altered steroidogenesis. As previausly
discussed, this is a non-specific finding and is considered
likely confounded by stress or uncharacterized systemic tox-
icity. As the steroidogenesis pathway is generally considered
well conserved among vertebrate species, the absence of
effects on this pathway in the EOGRT study also supports the
concept that the non-specific decreased fecundity in the high
concentration group of the FSTRA is likely due to stress or
uncharacterized systemic toxicity and not to a potential inter
action with steroidogenesis. While there are differences in
exposure route (oral compared to via the gills), 2,4-D is com-
pletely absorbed via the oral route in rats and would be
expected to be simifarly readily absorbed through the gills.
Further, both fish and rats would be exposed to parent 2,4-D
as 2,4-D would avoid first-pass liver metabolism in fish due to
the route of entry, and 2,4-D is not highly metabolized in
rats.

A high dose reproductive toxicity study in quail (Mitchell
et al. 2000} does not provide evidence of any effects that
could be associated with increased or decreased testosterone
or estradiof.

in published studies, a steroidogenesis assay using ailiga-
tor eggs directly exposed to 2,4-D has been pesformed, which
showed no effect of 24-D on steroidogenesis {Crain et al,
1997). This study used unconventional methodalogy but is of
interest because it expands the range of species tested.
Estradiol was used as a positive control, resulting in develop-
ment of ovaries in embryos incubated at male-preducding
temperatures that was also associated with increased
gonadal-adrenal mesonephros complex aromatase activiry.

Mammalian studies
There were no effects in the EOQGRT study (Marty et al. 2010,
published in Marty et al. 2013} suggesting increased or
decreased estradiol:

s There were no exposure-related effects on developmentai
landmarks, incfuding AGD {measured in all F1 pups), or
age at vaginal opening (measured in all Fi Set 1-3
females);

# There were no effects on estrous cycle tength or estrous
cycle pattern (evafuated in all P1 main study and satellite
fernales and all Set 3 F1 females), including a lack of per
sistent estrus, at any dose level,

s There were no exposure-related effects on reproductive
indices, including mating, fertility, time to mating, gesta-
tion length, pre- and post-implantation loss and corpora
lutea number (satellite group).

= There were no signs of dystocia in 2,4-D-exposed P1
dams.

s Litter size and pup survival were not affected by 2.4-D in
this study.

s There were no biologically significant exposure-related
effects on reproductive organ weights at any dose of 2,4-
D: no statistically significant changes in uterine weight, or
high dose uterine weights outside of the laboratory HCD
range; and

¢ 24-D dig not alter reproductive organ or mammary gland
histopathology, including male mammary gland histo-
pathology and ovarian follicle counts in F1 females with
the longest duration of exposure, and exposure during
critical windows of development,

Overall, the data from this detailed FOGRT in CD'SD rats
do not support any 2,4-D-mediated effect on estradicl syn-
thesis, even at doses exceeding the TSRC for 2,4-D in rats.

In the key regulatory toxicity studies, inciuding a two-gen-
eration reproductive toxicity study (Rodwell & Brown 1585), a
developmental toxicity study {Rodwell 1983), and subchronic
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Table 19. Results for 2,4-0 from regulatory reproductive and develapmental toxiaty studies relevant to potential interaction with steroidogenesis.
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*EQGRT: EOGRT study (Marty et al. 20iu); Two Gen: OFF B3-4 Two-generation reproductive toxicity study (Roedwell & Brown 13a5); Dev Tox Rat: OPP 83-3 developmental toxiary study in rats (Rodwell 1332F Dev Tox
Rabbit: OPP 83-3 developmental toxicity study in rabbir {Hoberman (k).

tWith coagulating gland.

Marty et al. "0t High dose utenne weight increases not considered exposure related (non-statistically significant change n cycling females; no correlating histopathology except normal estrous cycle refated changes;
within HCD).

fiDecreased testes weight F1 pups at weaning, attrbutable to decreased body weight, not apparent tin F1 adults,

§Testicular atrophy in 2 fugh-dase P1 males, cansidered spantaneous, not present in F1 dosed amimals.

[|Seminal vesical and prostate weights decreased compared to control at 300 ppm n PY; not statistically significant, within HCD and controls beiow HCD; conclusion no effect,

dincreased age at preputial separation; considered assoCiated with decreased gruwlh and not endocrine related.

**Rodwell and Brown 1445 The length of gestation was statistically significantly prelonged {by 1day} {n the production of the F1b pups at ~80mg/kg/day, compared wath controls; likely attnbutable to the very excessive
dose of 2,4-D to the dams dunng production of the Fib litters; high pup monahty was seep at this excessive dose (- 100 mg/kgiday).

T8O mg/kg/day Fia pups showed a statistically significant change n sex ratie (increased M pups), compared with the controls, This finding was not repeated in the £1b pups tat @ higher dosel and 1s considered unlikely
te be exposure related becsuse of the lack of consistency acress generations or wath other 2.4-0 studies.

#¥Evaluated but not sensitive; as offspning sex was determined prior te mitation of dosing.

0Change in fetal sex ratio present; not attributed to test articke as offspring sex determined prior to mitiation of dosing; no selective loss of females

Al studies:

WMo evidence of potential Interaction

Qfinding over the threshold for renal saturation

-Endpoint not evaluated

"increased relative to <ontrol

 Decreased relative to control

Endpaint scores in parentheses based on Borgert et al. 2011 (modified in some cases based on context ar strength of response)

(1) specific and sensitive to the hypothesis

{2} potentially sensitive for the hypothesis; stronger if correfated with Rank 1 data

131 refevant, but useful only If corroborating Rank (1) or {2) endpaints
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Tabie 21. Data from 2,4-D tier T EDSP and requlatary toxicity studies relevant ta potential interactions with the HPT axis.

Tadpcle devel- Tadpole nor-
opmental  malized hind Asynchronous
stage (day 7 limb fength  development Thyroid
Study and 21}  {day 7 and 21)(day 7 and 21}  weight
s SRR -
EQGRTS - - -
Rat 5C (1} - - -
Rat SC (2} - - -
Rat SC (3} - - -
Rat - - -
Maouse SC - - -
Mouse C{1 F} - - -
Mouse € (2 M} - - -
Dog SC {1} - - -
Dog SC {2} - - -
Dog C - - -

"AMA amphibian metamorphosis assay (Coady et ab, /013 EOGRTS: Fl-extended ane generation dietary toxicity study (Marty et al. 2040) Rat 5C (1): OPP 82.1
13-week rat subchronic toxiaty study (Schulze 13134 Rat 5C (23 OPP B2-1 13-week rat subchronic toxiity study (Gorzinski et al. 135 1a); Rat 5C 3: 13-week rat
subchronic study {non-guideline] {Gorzinshr et ab. 15216k Rat © OPP 83-5 two year rat chronicsoncogenicity study {Jeffries et al. 1995); Mouse SC: OPP 8241 13
week mouse subchronic toxicity study [Schualze 19410); Mouse C{1 Fl: OPP 83-2 mouse oncogenicity study {females] (Stort 1%3%a) Mouse C(2 M): OPP 83-2
meuse oncogenicity study (males) {Stott 1995h); Oog SC {1k OPP 82-1: 12-week dog subchronic toxicity study (Schulze 1994} Dog SC {2): OPP 82-1: 13-week
dog subchronic toxicity study {Dalgard 1%92a) and Dog C. OPP B3-1: dog chronic toxicity study {Dalgard 1993h)

tharty et al. 2015 Thyroid weight change not considered exposure related; no dose response, no consistency in direction or biologically significant magnitude of
change and no corelating histopathology.

+Thyroid tustopatholegy slight adaptive change (depleted collod} in GD 17 fernales at 600 ppm.

UNon-statistically significant decrease T3 and T4 at 600 ppm; considered likely exposure related in GD 17 fernales because of pattern of findings.

§Mon-statistically significant increase TSH at 600 ppm; considered likely exposure related in G 17 females because of pattern of findings.

|Decreased pituitary weight in set 3 males only; no correlating histopathology; considered unlikely to be exposure related,

#5chulze 1991 thyroid weght: Males had hgher sbsolute thyrond/parathyroid weights at 300 mothgi/day and relative weights at 100 and 300 mg/fkg/day
Females at 300 mg/kg/day had higher relative thyroid/parathyroid weights,

**Fellicular cell hypertrophy {adaptive change) in fernales at high and systemically toxic 300 mg/kg/day dose exceeding MTD and renal clearance saturation
threshold.

ttFemales had lower absolute and relative pituitary weights at 300 mg/kg/day. Males had higher relative pituitary weights at 300 mg/kqg/day.

ttleffnes at al. |'m5 Thyroid weights (absohute and relative) increased (n males at 150 mgrkg/day, and in females at 75 and 153 mg/kg/day at hoth sacnfices.

f9Decreased colloid (adaptive change} in thyroid of females at 1 year at 150 mq/kg/day; parafollicular hyperplasia non-statistically significantly increased at
150 migshgiday.

§5Decreased T4 at 150 mg/kg/day at 1 year interval.

|| Schulze ~99113 Nen statistically significant decreased T4 at 100 and 150 mg/kg/day.

##Dalgard 1421y Relative but ot absolute weight increase at ligh dose (7.5 mg/ko/day) atiributed to body weight loss

All studies

Mo evidence of potential interaction

OFinding over the threshold for renal saturation

-Endpoint not evaluated

“Increased relative to control

‘Decreased relative to control

fAtlale

FFemale

Endpoint scores in parentheses based on Borgert et al. 2014 [modified in some cases based an cantext or strength of response)

{1) specific and sensitive to the hypothesis

(2) potentally sensitive for the hypothesis; stronger if correlated with Rank 1 data

131 relevant, but useful only if cormoborating Rank (T} or (2} endpomts

Thyrord tusto- Thyroid hoe-  Thyroid hor- Thyroid hor- Pituitary
pathology mone (T4) mone (T3 mone (TSH) weight
———— - _ B _

Pituitary
histopatholagy

studies, few endpoints were observed suggesting increased dose confounds any atribution of these findings to

or decreased estradiol, even at dose levels causing significant
systemic toxicity.

Ovary weights were increased at 300mg/kg/day in the
Schulze {1991a) subchronic rat study; there were no histo-
pathological findings in the ovaries correlating with this
change. No other changes suggesting increased estradiol
were seen in this study, nor were any findings in females sug-
gesting decreased estradiol. In contrast, the Jeffries et al.
(19395} chronic rat study showed decreased ovarian weights
at the high dose (which caused marked systemic toxicity and
weight loss), again without histopathological correlates. The
Jeffries et al. study also showed a decreased incidence of
pituitary tumors of the pars distalis, which is an estrogen-sen-
sitive tumor {Dinse et al. 2010), and a decreased incidence of
mammary gland hyperplasia in 2,4-D exposed rats, also at the
saverely toxic high dose. The extent of weight loss at this

decreased estradiol, The mouse subchronic (Schulze 1991b)
and chronic studies (Stott 1995a) showed no effects on uter-
ine or ovarian histopathology. The dog subchronic {Schulze
1990; Dalgard 1993a) and chronic (Dalgard 1993b) studies
similarly showed no effects on uterine, vaginal or mammary
gland histopathology.

There were no effects in the Marty et al. {2010) EOGRT
study considered indicative of either increased or decreased
testosterone:

* Preputial separation was slightly delayed in the Fi males at
800 ppm, which was attributed to decreased growth dur-
ing lactation and post-weaning, as discussed previously;

s There were no exposure-refated effects on developmental
landmarks, including AGD (measured in all F1 pups),
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nipple retention {measured in nen-culled F1 pups in all
dose groups);

e There were no effects on sperm counts, motility or
morpholagy;
There were no exposure-related effects on reproductive
indices, including mating, fertility and time to mating;

s There were no exposure-related effects on reproductive
organ or accessory sex tissue weights at any dose of 2,4
D; and

s 240 did not alter reproductive organ or accessory sex
tissue histopathology.

There were comparatively a few relevant parameters eval-
uated in the Rodwell and Brown (1983} two-generation study.
Mating and fertility were not affected, nor were testicular
weights and histopathology, or histopathclogy of the epidi-
dymides, seminal vesicles {weanlings only] and prostate
{weanlings only).

There were no exposure-related effects on testicular weight
or histopathology in the Marty et al. (2010) EQGRT study attrib-
utable to interactions with steroidogenesis, or in the Rodweil
and Brown (1985) two-generation reproductive toxicity study.
A single finding in the Rodwell and Brown (1985} two gener-
ation study potentially showing a sterpidogenesis interaction
was that the BOmg/kg/day F1a pups showed a statistically sig-
nificant change in sex ratio {109 males and 71 females}, com-
pared with the controls. As discussed previously, this finding
was not repeated in the F1b pups at a higher dase and is con-
sidered unlikely to be exposure-related.

The Schulze (19913) subchronic rat study showed flaccid
testes and testicular atrophy at the very high and systemically
toxic dose of 300 mg/kg/day (that exceeded both the TSRC
and a classic MTD}. The high-dose testes findings could hypo-
theticafly be associated with changes in steroidogenesis
{excess estradiol and/or decreased testosterone) secondary to
systemic toxicity; they could as readily reflect changes to the
HPG axis caused by the severe systemic toxicity at these
excessive doses, or reflect direct target organ toxicity not
mediated by an endocrine interaction, such as that related to
stress. Given that there is no substantive evidence of
increased estradiol or decreased testosterone in the 240D
marmmalian studies as a whole, the stress or systemic toxicity
seem the most likely hypotheses. Decreased testes weight
was also seen at the systemically toxic high dose in the
chronic rat study (Jeffries et al. 1995). Testicular atrophy was
noted in 2/10 animals at the interim sacrifice in this study;
however, no exposure-related testicular lesions were evident
at the terminal (two-year] sacrifice.

Mice in a subchronic study (Schulze 19%1b) showed no
effects on rmale reproductive tissues. Increased testicular
weight was seen at the high dose in a chronic mouse study
{Stott 1995h); there was no histopathological correlate to the
testicular weight finding.

Dogs in 24-D subchronic toxicity studies (Schulze 1990;
Dalgard 1993a} showed decreased testes weights at systemic-
ally toxic doses; as discussed previously, this finding is not
considered likely to be endocrine-mediated, but rather to
reflect a combination of the immature age of the test animals
and, possibly, delayed development due to systemic toxicity.

These findings were at doses exceeding the TSRC in dogs.
There were no testicular or prostate effects in the chronic
dog study (Dalgard 1993h). As discussed previously, dogs are
not relevant for human health risk assessment; however, as a
susceptibie species, the dog may predict potential effects on
other species deficient in the OAT-1 transporter. Therefore,
data from the dog studies are included in the WoE evalu-
ation. It should be noted particularly that all pctentially endo-
crine-related effects in the dogs were seen at dose levels that
also caused other marked systemic toxicity. An EPA Science
Advisory Panel has agreed with the EPA position that
responses abserved in endocrine disruption assays in the
presence of overt toxicity are "not useful for interpretation of
whether a compound has an endocrine effect” {US EPA 2013).
Thus, there does not appear to be any particular susceptibil
ity to potentially endocrine-related eflects.

There were no effects on adrenal weight or histopathology
in the EOGRT study (Marty et al. 2010). The Schulze {19914) rat
subchronic study showed adrenal weight changes and histo
pathology {hypertrophy of the zono glomerulosa) at 300mg/
kg/day {far above the TSRC and systemically excessively toxic).
The adrenal zora glomerulosa is responsible for production of
mineratocorticoids such as aldosterone and does not respond
toe changes in the hypothalamic-pituitary—adrenal {HPA) axis.
Consequently, this finding is not considered evidence of an
interaction with the steroidogenesis pathway. Adrenal weight
thanges (in opposite directions) were also seen in the mouse
subchronic study (Schulze 1991b) and in the chronic rat study
{Jeffries et al. 1995). No exposure-related histopathology was
found in the adrenais in these studies.

in conclusion, 2,4-D does not show robust evidence of
interaction with the steroidogenesis pathway(s} at environ-
mentally relevant expasure levels. Mammatian studies, includ-
ing a comprehensive EDSP Tier 2 equivalent EOGRT study, fail
to show coherent evidence of alterations in estradiol synthe-
5is or testosterone synthesis at doses below the TSRC. Even
at high doses, findings are limited and may reflect direct tar-
get organ toxicity without an endocrine-mediated mechan-
ism, e.qg. effects associated with excessive systemic toxicity.
There are no robust eflects in the FSTRA indicating altered
steroidogenesis, and a quail reproductive toxicity study
showed no findings suggesting altered steroidogenesis. The
in vitro EDSP stercidogenesis and aromatase assays were
negative, as was the ToxCast™ aromatase assay.

Evaluation of potential interaction with the HPG axis

The majority of parameters potentially under control of the
HPG axis were unaffected in the Marty et al. {2010} EOGRT
study as discussed above. Absolute and relative (fixed) pituit-
ary gland weights were significantly decreased by 8 and 8%,
respectively, in the high dose males in one set of Ft adult
animals. The magnitude of the differences from pituitary
weights in control animals, however, was extremely slight
and the absolute and relative pituitary weights in the
BOO ppm mates were within the historical control range. No
exposure-related patholegical changes were seen in these tis-
sues. Additionally, toxicologically significant alterations in
pituitary function would be expected to alter numerous other
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study endpoints, including repreductive and accessory sex
gland weights and sperm parameters, These endpoints were
not afected by 2,4-D exposure in this study. It is concluded
that this study shows no robust evidence of an HPG axis
interaction,

There is limited and inconsistent evidence of an HPG axis
interaction in the other key toxicity studies of 2,4 D. As previ-
ously discussed, in the Rodwell and Brown {1985} reproduct-
ive foxicity study, there was an aitered pup sex ratio in the
F1a litters; this finding as noted above is considered unlikely
to he exposure refated. Pituitary weights were decreased in
females in the Schulze (1991a) rat subchronic toxicity study
at the high and systemically toxic dose of 300 mg/kg/day
texceeding an MTD and far exceeding the TSRC) but were
increased in males; there were no histopathological correlates
in either sex and the exposure relationship is considered
equivocal. A decrease in tumors in the pars distalis of the
pituitary was seen in the Jeffries et al. (1995) rat chronic tox-
icity study; the decreased incidence of this estrogen respon-
sive tumor is attributed to the marked weight loss at the
excessively toxic high dose.

WofF evaluation for potential effects of 2,4-D on the HPT
axis

The HPT axis is an integrated system invciving various posi-
tive and negative feedback systems to control production of
thyroid hormones, To characterize these feedback systems,
the use of an intact, in vivo model is required. For evaluation
of potential HPT axis interaction, it is useful to characterize
whether (if there are effects) the compound is acting as a
thyroid agonist or antagonist, Agonists show increases in cir-
culating thyroid hormone levels {e.g. T4) but may or may not
impact other thyroid-related parameters. Strong agonists or
antagonists would also be anticipated to influence clinical
and behavioral observations (Fliers et al. 2006; Helmreich &
Tylee 2311). Stress may also impact the HPT axis [ibid); so,
caution should be taken when evaluating findings in the
presence of other systemic toxicity or when manipulating ani-
mals for thyroid hormone collection. Antagonists, which are
much more frequently identified because of the mutltiple
mechanisms that can lead to decreased circulating thyroid
hormones {and also due to the particular susceptibility of rats
to this effect) usually show a pattern of feedback-related
changes including T4 decreases and/or T3 decreases and
feedback-mediated TSH increases, which typically result in fol-
licutar cetl hypertrephy of the thyroid gland, thyreid gland
weight increases and follicular cell hyperplasia {Marty et al.
2001). Potent anti-thyroid agents may also result in develop-
mental neurotoxicity if exposures are pre- or peri-natal (see
for example Goldey et al. 1995; Shibutani et al. 2009, Bernal
2012}

One in vivo Tier 1 EDSP screening assay available for 2,4-D,
the AMA (Coady & Sosinski 2011), is considered important to
assess potential interactions of 2,4-D with the HPT axis,
because amphibian development is very much under thyroid
control. The Marty et al. (2010} Tier 2 eguivalent EOGRT diet-
ary toxicity study provides detailed information on potential
thyroid toxicity of 2,4-D, and also provides information on
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potential developmental neurctoxicity findings, including
brain morphometry and neuropathology, myelin deposition,
hypothalamus histopathology and auditory startle, that might
be affected if thyroid function was impaired. Additional infor-
mation is available from the subchronic toxicity studies of
2.4 D. These assays and the endpoints and results relevant to
potential interaction with the HPT axis are summarized in
Table 21.

This WoE analysis for the BPT axis is based on the results
from EQSP Tier 1 screening and other available studies sum-
marized above.

Note there were no findings for 2,4 [ considered exposure
related and relevant for assessment of the HPT axis at doses
below the TSRC, and findings at higher doses were primarily
considered adaptive and non-adverse.

There were no exposure-related effects in the AMA (Coady
et al. 2010}, which is designed to specifically identify potential
thyroid eflects. This study tested 2,4-D up to a concentration
approximating the limit dose (100 mag/L).

In the EQGRT study {Marty et al. 2010), there were many
stight changes in hormone levels and/or thyroid organ weight
that did not reach statistical significance or show a pattern of
findings typically associated with altered thyroid function,
and that were not accompanied by thyroid histopathological
changes. As a result, these findings are considered non-
adverse and uplikely to be exposure related.

Only one lifestage in the Marty et al. {2010} EOGRT dietary
toxicity study shows a pattern of effects, but only at the high-
est dose that exceeds the TSRC, which appears possibly
exposure-refated, In GD 17 females, there was a dose-related
pattern of non-statistically significantly decreased T3 and T4,
increased TSH and slight evidence of thyroid histopathology
{reduced colloid} at the 600-ppm dose level suggesting an
adaptive exposure-related effect. There is a mechanistic basis
for this finding, in that high dose 24-0 has been shown to
displace thyroxine from serum binding protein in the rat (Van
den Berg et al. 1591). This displacement could lead to easier
excretion or hepatic sequestration of the free hormone.
Further, thyroids in dams are stressed during gestation by
the need to supply thyroid hormone to the developing
fetuses, making the dams relatively hypothyroid and vulner-
able to such an effect. In addition, because of increased
dosed feed consumption during gestation and the lack of
dietary concentration adjustment during this critical stage,
dams were receiving 2,4-D at a significantly higher internal
dose than animals did at most other time points in the study,
The lack of adversity is demonstrated by: the lack of replica-
tion in dams at lactation day 22, showing reversibility; the
slight severity of the findings; and the lack of adverse find-
ings that might be associated with decreased thyroid func-
tion in the F1 pups. For example, there were no findings in
the developmental neurotoxicity (DNT) component of the
EOGRT study (Marty et al. 2010} consistent with thyroid hor-
mone modutation. No exposure related effects on auditory
startte, brain morphometric or myelin deposition changes
were seen, demonstrating the lack of an adverse thyroid hor-
mone deficiency during fetal and pup development.

The Schulze ({1991a) subchronic rat study showed
stronger effects on thyroid hormone economy at doses
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>100mg/kg/day. Gorzinski et al. {(1981a, 1981b) showed
decreased T4 at 100mg/kg/day. Schulze (19914} also identi-
fied exposure-related effects on thyroid histopathology in
fermale rats at a dose exceeding an MTD {300 mg/ky/day);
even then, the histopathological effect was limited to follicu-
lar cell hypertrophy, which may be regarded as adaptive.
Mice in the subchronic study (Schuize 1991b} showed
decreased T4 at the high dose but no changes in thyroid
weight or histopathology: mice in the chronfc studies {Stott
1995a, 1995b) showed no effect on thyroid histopathology in
either females or males.

In contrast to rodent study results, the subchronic dog
study by Schulze [1990) tested dogs to doses above the MTD
and saw no consistent effects on the thyroid. ({Refative thyroid
weight was increased at the high dose, but absolute weight
was not affected; this finding is attributed to body weight
loss at the high dose)) There were no effects in this study on
thyroid hormone measurements (T3 and T4}, nor on thyroid
histopathoiogy. The other subchronic dog study {Dalgard
19934) and the chronic dog study (Dalgard 1993h] showed
no effects on thyroid weights or histopathology, despite test-
ing systemically toxic doses exceeding the dog TSRC. The
dog studies provide data supporting that rodent species
{especially rats) are particularly vulnerable to changes in thy-
roid hormone economy.

Charles et al. (199€s) presented data from rat subchronic
toxicity studies conducted with 24-0 DMA, or 24-D 2-ERE.
Endocrine endpoints relevant to the thyroid pathway
included: thyroid hormones {73 and T4); thyroid {and parathy
roids) organ weights and histopathological evaluations.
Decreased T4 and/or T3 was observed at dose levels of
=100 mg/kg/day, with T4 appearing somewhat more sensitive
than T3 and females more sensitive than males. Correlating
with these findings were increases in relative thyroid weights
{primarily at 300 mg/kg/day); however, no correlating histo-
pathological evidence of thyroid follicular cell hypertrophy or
hyperplasia was evident at any dose. Therefore, these
changes are considered slight in severity and non-adverse.

Charles et al. {17%6b) also described data from dog sub-
chronic toxicity studies conducted with 2,4-D DMA, or 2,4-D
2-EHE. Endocrine endpoints evaluated in these studies rele-
vant to the HPT axis included pituitary, thyroid {and parathy-
roid} organ weights and histopathological evaluations.
Thyroid hormone analyzes were not performed in these stud-
ies, which is a weakness for evaluating potential thyroid
effects. In contrast to the rat, there were no findings in dogs
supporting an interaction with the HFT axis, even though the
high doses in these studies were markedly systerically toxic.

Discussion of mechanism of high dose-specific effect
on HPT axis in rodents

Plasma protein binding appears to protect circulating thyroid
hormone from metabolism and clearance by the liver, Thus, if
2,4-D is a retatively weak competitor with thyrcid hormene
for binding sites or transport/carrier protein, high exposures
to 2,4-D would be anticipated to result in increased free thy-
roid hormone which would be subject to enhanced seques
tration and/or excretion by the liver. This would not be an

outcome anticipated at low exposure levels, however, which
is consistent with the thyroid-related findings being limited
to high-dose 24-D exposure in the rodent subchronic and
chronic toxicity studies summarized above.

The Florsheim et al. {1963} study supports the idea that
high doses of 2,4-D in the rat may modulate thyroid hormone
levels, These data, in conjunction with the Van den Berg
et al. {1991} study, support that the likely primary mechanism
is 24-D competition for the thyroxine serum binding sites,
particutarly transthyretin, It should be noted that even in the
chronic rat toxicity study of 2,4-D (Jeffries et al. 1995} there
was no frank progression to thyroid follicular cell hyperplasia
or neoplasia, suggesting changes in circutating thyroid hor-
mone levels were sufficiently mild to not elicit biologically
adaptive and sustained elevations of TSH. Therefore, these
findings provide a possible mechanistic explanation for
decreases in circulating thyroid concentrations in rats select
ive to high dosages of 2,4-D, but do not provide evidence of
a biologically significant adverse effect.

The rat is more likely to be susceptible to this mechanism
than the human because the predominant rat thyroid hor-
mone binding protein binds thyroxine less tightly than that
of the human. In humans and other primates, thyroxine-bind-
ing globulin (TBG} is the principal protein that binds T4
{Dohler et al. 1979). It has a very high affinity for T4: only
about 0.03% of the T4 in serum is in the free unbound form
{Hill et al. 1989). Binding sharply reduces clearance of T4
from serum. Rats do not have TBG, and most T4 in rat serum
is bound to albumin and transthyretin. The binding affinity of
T4 for TBG is more than a 100 times greater than that of
albumin or transthyretin {Hill et ai. 1989, and the difference
contributes to the higher rate of T4 clearance in rats. Further
evidence that the rat is an overly sensitive species is the lack
of thyroid findings in the subchronic and chronic 2.4-D dog
studies, conducted at doses clearly exceeding the TSRC in
that species.

Overall, there are no findings in the 2,4-D studies suggest-
tng an adverse effect on the thyroid or clear evidence for an
HPT axis interrelaticnship at doses below the TSRC. Adaptive
changes were seen in pregnant dams during a susceptibie
life stage in the Marty et al. 2010 EOGRT study (alsc at a
dose exceeding the TSRC); the mechanism for these high-
dose specific findings has been characterized. No adverse
effects were observed on offspring, either for thyroid parame-
ters or in assessment of potential developmental neurotox-
icity. The thyroid does not appear to provide a POD or
driving effect for 2,4-D risk assessment because more sensi-
tive indicators of toxicity are present, which occur within the
linear TK range. 1t should be further noted that the serum
protein binding to thyroxine in humans is considerably stron-
ger than in rats {Jahnke et al. 2004j, providing an extra mar-
gin safety for humans to any potential thyreid toxicity.

Interestingly, despite reports of good interspecies concord-
ance for the HPT axis, the AMA {Coady et al. 2010} was nega-
tive up to the limit dose tested. This lack of concordance
may retate to 2,4-D's postulated mechanism for thyreid her
mone effect, which is displacing bound thyroxine from the
binding proteins used for systemic transport, making the thy-
roxine more available for excretion or hepatic storage. It is
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reasonable to hypothesize that the affinity of the binding
protein to circulating thyroid hormone in frogs is different
from the affinity of the binding protein in rat and that the
difference in interspecies response might be attributable to
that difference; no research directly addressing potential dif-
ferences has been identified.

The WoE shows that, though there is weak evidence of
2,4-D potentially interacting with the HPT axis, this is very
unlikely to result in any adverse effects at exposure below
the relatively high doses characterizing the onset of the
TSRC, even in rodents. No adverse effects on the thyroid, or
adverse sequelae to the offspring, including effects on mye-
lination or brain morphometric parameters, were identified in
the Tier 2 equivalent EQGRT study up to the highest dose
tested, The interaction has been studied across life stages
and there is a high degree of confidence in this conclusion.
Exposure to 2,4-[0 did not result in any thyroid-related effects
in frogs tested up to the limit dose,

The Gotdner et al. {2013} assertion of biological plausibility
for a specific association of 2,4-0 with hypothyroidism or thy
roid disease in humans is very tenuous. Although the hypo-
thyroid asscciations reported in Goldner et al. {2013) included
positive associations with multiple herbicides and insecticides,
the 5Stoker “paper” used by Goldner et al. to justify biological
ptausibility of their reported epidemiological findings specific
ally for 2,4 [ is an abstract of an extremely high-dose study
conducted in rats {100 and 200 mg/kg/day by oral gavage}
which reported reductions in circulating thyroid hormone at
both of the very high doses. This is consistent with findings
in regulatory rodent toxicity studies of high dose decreases in
T4 and adaptive changes in thyroid histopathology (limited
to colloid depletion and in some cases hypertrophy, without
evidence of hyperplasia or follicular cell tumors) at doses sub-
stantially exceeding the T5RC. importantly, however, Stoker
later published an abbreviated summary of these findings in
a book chapter {Stoker & Zorrilla 2010) in which it was noted
that the 2,4-D thyroid effects were not detected at the next
lower dose of 30mg/kg/day: “... and the herbicide 2,4-diphe-
noxyacetic acid (2,4-D) {sic), which induced renal toxicity at
both 3 and 30 mg/kg and did not alter thyroid hormone (T4}
or any of the other male pubertal endpoints until
100 mg/kg ....".

The Stoker and other related toxicity and biomonitoring
data are thus not causally supportive of human thyroid dis
ease, and in fact demonstrate an extremely low biological
plausibility for any such outcome for the foliowing reasons.
First, it is well established that oral gavage doses of
100 mg/kg are well above the TSRC of 2,4-D in rats, and requ-
latory guidance addressing dose selection for animal bicas-
says, including the EQGRT, has cautioned that toxicity
observed above saturating doses is not relevant for human
risk assessment if there is a large disparity between doses
reflecting onset of the TSRC compared to real-world human
exposures (QOECD 2012a, 2012b, 2012¢). Second, weakly active
non-adverse thyroid effects were observed in the high dose
only in pregnant dams in the robust ECGRT study, but
importantly, that high dose also was demonstrated to be well
above the TSRC in females, and particularly in pregnant
fernales. Third, dog studies of 2,4-D showed no evidence of
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thyroid toxicity even at lethal doses. In addition, 2,4 [ blood
concentrations are substantially higher in dogs than rats
administered equivalent external doses (van Ravenswaay
et al. 2003}, primarily because dogs do not clear 2,4-D as effi-
ciently as rats and humans do (Timchalk 2004}, Fourth, the
recently completed EDSP Tier 1 assays failed to detect any
signal of adverse thyroid activity in frogs, in which certain
developmental changes are specific for thyroid toxicity. The
lack of findings in the dogs and the frog supports the conciu-
sion that the rat is uniquely susceptible to hypothyroidism
due to the poor binding of T4 to the carrier proteins in rat
blood {Jahnke et al, 2004} making the rat T4 uniquely suscep-
tible to competitive displacement by 2,4-0 (van den Berg
et al. 1991). Finally, a lack of biological plausibility is further
affirmed by the extremely large margin of exposure between
biomonitored 2,4-0 doses reported for male farm-worker
applicators in the Ag Health Study itself and the NOEL dose
for thyroid effects in rats reported by Stoker. The Alexander
et al. (2007) study of farm families identified a geometric
mean exposure dose for male applicators of 2.46 pg/kg/day.,
which is approximately 10 000X below the NOEL of 30 mg/kg/
day (30 000 ug/kg/day} for thyroid effects identified by Stoker
and Zorsilla (2010). Importantly, the geometric mean dose for
femmale spouses living in close proximity to active 2,4-D appli-
cation cperations was 0.08 ug/kg/day. and was substantially
disparate {-300000) from the approximately 25mg/kg/day
dietary dose identified as the inflection point for onset of
T5RC in female rats {a non-thyroid toxic dose in rats). These
large margins of exposures have been confirmed in other
high quality biomonitoring studies of farmer-applicators in
which a geometric mean dose of 1.6 ng/kg/day was reported
{Thomas et al, 2010).

Thus, a WoE evaluation of potential effects of 24 [ on the
HPT axis indicates no concern for a hypothyroid disease or
thyroid turnor outcome in humans.

Conclusions

The Tier 1 EDSP studies and the mammalian Tier 2 EDSP
equivalent EOGRT dietary toxicity study of 2,4-D are reliable
studies and provide a robust basis for assessing interactions of
2,4-0> with the estrogen, androgen and steroidogenesis path-
ways, and the HPT axis. Key conclusions from the WoE evalu-
ation of the EDSP studies and key toxicological studies include:

s 24-D cleariy does not demonstrate the potential to inter-
act directly with the estrogen pathway in toxicological
studies, including an EDSP Tier 2 equivalent mammalian
EQGRT dietary toxicity study in which the top dose
exceeded the TSRC, a FSTRA tested to the limit concen-
tration, and a quail reproductive toxicity study, or in high
quality studies from the published literature, In addition,
EDSP Tier 1 in vitro assays, high quality published in vitro
assays, and ToxCast™ in vitro screening studies were
negative for estrogen pathway interactions.

» 2.4.D does not demonstrate the potential to interact dir
ectly with the androgen pathway in toxicological studies,
including an ED5P Tier 2 equivalent mammalian EQGRT
dietary toxicity study in which the top dose exceeded the
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TSRC, a FSTRA tested to the limit concentration and a
quail reproductive toxicity study, or in high quality stud-
ies from the published literature. In addition, EDSP Tier 1
in wvitro, high quality published in wvitro assays and
ToxCast™ in vitro studies were negative for androgen
pathway interactions.

« 2,4.D showed no robust evidence of interaction with the
steroidogenesis pathway in an EDSP Tier 2 equivalent
mammalian EOGRT study in which the top dose
exceeded the TSRC. 24-D effects on stercidogenesis
parameters in other studies are likely related to high-
dose specific systemic toxicity at doses exceeding the
TSRC and are not likely to be endocrine mediated.

« 2,4-D showed no adverse interactions with the HPT axis
in an EDSP Tier 2 equivalent mammalian EQGRT study in
which the top dose exceeded the TSRC. it interacts with
the HPFT axis in rats (which is clearly a species susceptible
to thyroid interactions and not predictive of thyroid
effects in other species for compounds acting on the thy-
roid by the mechanism demonstrated for 2,4-D—dis-
piacement of thyroxine from plasma-binding sites} at
high doses exceeding the TSRC in mammals and substan-
tially exceeding human systemic doses identified in high
quality biomonitoring studies. The thyroid-sensitive AMA
tested to the assay limit concentration was negative.

e The EOGRT dietary toxicity study is an acceptable EDSP
Tier 2-equivalent mammalian study in which the top
dose exceeded the TSRC, and predicts no adverse endo-
crine-related toxicity to mammals. This study provides a
robust basis for concluding that the NOAEL for any endo-
crine effects is higher than the NQAELs currently used as
points of departure for acute, subchronic or chronic
human health risk assessment.

+ No studies, including high quality studies in the pub-
lished literature, predict significant endocrine-related tox-
icity or functional decrements in any species at
environmentally relevant concentrations, or, in mammals,
at doses below the TSRC that are relevant for human haz-
ard and risk assessment,

Overall, there is no basis for concern regarding a potential
for interaction of 2,4-D with endocrine pathways or axes
{estrogen, androgen, steroidogenesis, or thyroid}l, and thus
2,4-D is unlikely to pose a threat from endocrine disruption
to wildlife or humans under conditions of real-world expo-
sures. This conclusion is consistent with a similar but less
comprehensive WoE review of the 2,4-D endocrine disruption
data conducted the US EPA (US EPA 2015}, which stated that
there was “no convincing evidence of potential interaction
[of 2,4-D] with the estrogen, androgen or thyroid pathways.”
In addition, EPA concluded there was no need for additional
EDSP Tier 2 testing given the availability of the EQGRT study
that was regarded as equivalent to the EDSP Tier 2 study.
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Supplementary Appendix I SEARCH TERMS

CAS numbers searched included: (94-75-7 or 1929-73-3 or 94-B0-4 or 2008-39-1 or
5742-1%-8 or 1%28-43-4 or 1713-15-1 or 25168-26-7 or 94-11-1}); 5742-17-6
or 2702-72-9 or 18584-79-7 or 2569-01-9); (5742-17-6 or 2702-72-% or
18584-79-7 or 2569-01-9); and chemical names:(2({w)4{w} {'d' or
dichlorophenoxyacet? or dichlorophenoxy acet? or dichloro phenoxy acet? or
dichloro phenoxyacet?)}

The following search terms were used to identify endocrine relevant papers:

S (ESTROGEN? OR OESTROGEN? OR ESTRADIOL OR OESTRADIOL OR ESTROGEN RECEPTORS+NT/CT
OR OESTROGEN RECEPTORS+NT/CT OR OESTROGENS+NT/CT OR ESTROGENS+NT/CT OR
HELA 9903 OR HELAS903)

S AND {ANTIESTROGEN? OR ANTIOESTROGEN?)
S AND (ANDROGEN? OR TESTOSTERONE OR ANTIANDROGEN? OR ANTITESTOSTERONE)
. S AND {H295R OR STEROIDOGEN? OR STEROID{1W)(SYNTHESIS OR PATHWAY OR METABOLI?)
OR HORMONE(1A){SYNTHESIS OR PATHWAY OR METAB? OR BIOSYNTH?))
S AND {AROMATASE OR CYTOCHROME{W)(P450 OR P 450} OR CYP19)
S {{UTERINE OR UTERUS OR FEMALE GENITALIA OR GENITALIA, FEMALE+NT/CT OR
FEMALE GENITAL SYSTEM+NT/CT} AND (SIZE OR WEIGHT OR HYPERTROPH? OR ENLARG?})
S AND HERSHBERGER
S AND {PROSTATE OR SEMINAL VESICLE OR LEVATOR(1A)BULBOCAVERN?
OR COWPERS GLAND OR PENIS}
S AND {TESTIS OR TESTES OR EPIDIDYM? OR MALE GENITALIA OR GENITALIA, MALE+NT/CT) AND
{SIZE OR WEIGHT OR HYPERTROPH? OR ENLARG? OR HYPOTROPH? OR SHRINK?)
S MALE REPRODUCTIVE SYSTEM+NT/CT OR COWPERS GLAND OR LEVATOR(1A)BULBOCAVERN?

OR PENIS OR GENITALIA, MALE+NT/CT OR MALE GENITALIA SYSTEM+NT/CT
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S AND {RAT OR RATTUS) AND {(PUBERTY OR PUBESC? OR SEX? MATUR?
OR PRE-PUTIAL OR VAGINA?{1A} OPEN?)
S AND {THYROID OR TSH OR THYROTROPIN OR THYROXIN? OR TRIIODOTHYRONINE
OR THYROID HORMONES+NT/CT
$ AND {CHOLINESTERASE OR CHOLINE ESTERASE)(1A){INHIBIT? OR BLOCK? OR ANTAGONI?)
OR 9001-08-5(S){BLOCK? OR INHIBIT? OR ANTAGONI?)
S (FROG OR AMPHIB? OR ZENOPUS OR RANA OR RANIDAE OR ANURA)
$ (TOAD OR TADPOLE OR METAMORPHOSIS OR ANURA+NT/CT OR TOAD+NT/CT OR TADPOLE)
5 METAMORPHOSIS
S AND (MINNOW OR PIMEPHALES OR MEDAKA OR ORYZIAS OR
CYPRINIDON OR POECILIA OR GUPPY OR ZEBRAFISH])
S(ZEBRA{W)(FISH OR DANIO} OR {(DANIO OR BRACHIDANIO OR CYPRINUS){W) RERIO)
S PITUIT? OR HYPOTHAL? OR HPG AXiS OR HYPOTHAL? PITUITARY GONADAL AXIS
OR HYPOPHYSIS OR HYPOPHYSEAL OR PITUITARY GLAND+NT/CT
OR HYPOTHALAMUS+NT/CT OR PITUITARY DISEASES+NT/CT

OR HYPOTHALMIC DISEASES+NT/CT OR HYPOTHALAMO-HYPOPHYSEAL SYSTEM+NT/CT
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Supplementary Appendix [I: In vitro Studies with Klimisch Scores of 1 or 2?
A. Regulatory Toxicology (EDSP Tier 1) in Vitro Studies

As discussed previously in the publication, the high concentration tested in the EDSP Tier | in vitro assays
(except steroidogenesis) was restricted below the maximum concentration specified in the EPA
Guidelines, such that the concentration did not exceed the TSRC established through TK in the in vivo
mammalian EQGRT Study.

LeBaron, et al., 2011a; {published in Coady et af., 2014)

tn an estrogen receptor (ER) binding assay following the US EPA Guideline {US EPA, 2009a} with the
exception regarding the high concentration noted above, uterine cytosol from Sprague Dawley rats was
used as the source of ER to conduct a saturation binding experiment and a competitive binding
experiment. The saturation binding experiment was conducted to demonstrate that the ER was present
in reasonable numbers and was functioning with appropriate affinity for the radiolabeled ligand (*H-17p-
estradiol}. Subsequently, the competitive binding experiment was conducted in three independent
assay runs to measure the binding of a single concentration of [*H]-17p-estradiol {1 nM) in the presence
of increasing concentrations of 2,4-D {98.5% a.i) ranging from 10! M to 10 M. Ethanol was used as a
vehicle at a final concentration of <3% (v/v). The adequacy of the experimental conditions for the
detection of ER binding was confirmed through the testing of reference chemicals: 173-estradiol {strong
positive control, radioinert}, 19-norethindrone (weak positive control), and octyltriethoxysilane
{negative control). In addition, control tubes were treated with the solvent used to dissolve the test
material {i.e., ethanol} for determination of full binding capacity and calculation of relative binding
activity.

In the saturation binding experiment, the maximum binding capacity (Bmax) was 59.28 fmol/100 pg
protein and the dissociation constant {Ks) was 0.1032 nM. These results were within the acceptable
range from the validation studies. All other saturation binding performance criteria and results from the
competitive binding experiment indicated acceptable performance of the assay. The Scatchard plot
indicated a linear response across the concentrations of ligand added. Nonspecific binding as a percent
of total binding was 1.7%-8.6% across the entire concentration range in the saturation binding
experiment.

In the competitive binding experiment, there were no appreciable alterations in 17p-estradiol ER
binding activity at 2,4-D concentrations ranging from 10 M to 10 M in three independent runs of the
assay. Summary results for the ER binding assay of 2,4-D are shown in Table 51. No estimated log ICsp
and relative binding affinity (RBA) were calculated for 2,4-D because of the absence of binding activity.
The loglCso values for 17B-estradiol and 19-norethindrone were -9.0 and -5.5, respectively. Compared to
17B-estradiol, the RBA for 19-norethindrone was 0.034%. The reference chemicals (17-estradiol, 19-

! See Publication Tables 3 and 4 for Klimisch scores for the regulatory EDSP and published studies, respectively.
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norethinedrone, and octyltriethoxysitane) met the QC performance criteria established in the test
guideline in all instances, except for some slight deviations for 19-norethinedrone in Run 3. However,
because the acceptance ranges for the weak positive control are based on use of norethynodrel, these
slight deviations from the suggested ranges are considered minor.

Based on the results of this assay, 2,4-D was classified as negative for ER binding.

LeBaron and Kan, 2011; Coady et af., 2014

in an estrogen transcriptional activation assay complying with the EPA Guideline {US EPA, 2009b) with
the exception regarding the high concentration noted above, human ERa-Hela-9903 cells cultured in
vitro were exposed to 2,4-D {98.5% a.i.) at concentrations of 10%°, 103, 10°%, 107, 10, 10 and 10° M in
DMSO (0.1% (v/v)) for 24 £ 2 hours. The experiments were performed using 96-well plates and each
2,4-D concentration was tested in triplicate. Cells were exposed to the test agent for 24 + 2 hours to
induce reporter (luciferase) gene products. Luciferase expression in response to activation of the
estrogen receptor by 2,4-D was measured upon addition of a luciferase substrate and detection with a
luminometer with acceptable sensitivity.

2,4-D was tested in four independent runs of the ER transcriptional activation assay. Cytotoxicity and
precipitation were not observed at any of the test concentrations in these four runs.

The adequacy of the experimental conditions for the detection of ER agonism was confirmed using the
following reference chemicals: 17B-estradiol (strong agonist), 17a-estradicl (weak agonist), 17a-
methyltestosterone (very weak agonist}, and corticosterone (negative control). In addition, vehicle
control cultures were treated with the solvent used to dissolve the test material {i.e., DM50) for
determination of basal transcriptional activity. Results of the four concurrent reference chemicals
included in each experiment generally fell within the acceptable ranges. There was slight variability
between assays, but the overall robustness of the responses for 178-estradiol, 17a-estradiol, 17a-
methyltestosterone, and corticosterone indicated that each assay run included in this assessment
performed as expected. In most cases where values were cutside of defined ranges, the values
indicated increased sensitivity of the assay system (i.e., decreased log PCs and log PCye for 17a-
methyitestosterone and 17a-estradiol).

The RPCrax values for 2,4-D {maximum level of response induced by the test chemical expressed as a
percentage of the response induced by 1 nM 17(-estradiol on the same plate) were 0%, 8.8%, 5.3%, and
7.1% in Runs 1, 2, 3 and 4, respectively. The mean RPC., of the four assays was 5.3%. At
concentrations of 2,4-D ranging from 1071° M to 10°* M, there were no appreciable increases in estrogen
receptor-mediated transcriptional activity. Based on these results, 2,4-D was judged to be negative for
estrogen receptor-mediated agonism.

LeBaron et ol., 2011b; {published in Coady et ai., 2014)

In an androgen receptor (AR) binding assay following EPA Guidelines (US EPA, 2009¢) with the exception
regarding the high concentration noted above, ventral prostate cytosol from Sprague-Dawley rats was
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. used as the source of AR to conduct a saturation binding experiment and a competitive binding
experiment. Saturation binding experiments were conducted to demonstrate that the AR was present
in reasonable numbers and was functioning with appropriate affinity for the radiolabeled ligand (*H-

' f1881). Subsequently, the competitive binding experiment was conducted in three independent assay

runs to measure the binding of a single concentration of *H-1881 {1 nM) in the presence of increasing

‘ concentrations of 2,4-D {98.5% a.i.} ranging from 10! M to 10 M. Ethanol was used as a vehicle at a

final concentration of <3% (v/v). The adequacy of the experimental conditions for the detection of AR
binding was confirmed through the testing of reference chemicals: R1881 {strong positive control,
radioinert} and dexamethasone {(weak positive control), both of which met established quality control

‘ criteria. In addition, control tubes were treated with the solvent used to dissolve the test material (i.e.,

ethanol) for determination of full binding capacity and calculation of relative binding activity.

‘ In the saturation binding experiment, the maximum binding capacity {Bma} was 3.245 fmol/100 pg
protein and the dissociation constant (Kg} was 0.4641 nM. Although these values were slightly below
the range of values from the validation studies, the resuits were highly reproducible and ali other
perfarmance criteria indicated acceptable performance of the assay. The Scatchard plot indicated a
linear response across the concentrations of ligand added. Nonspecific binding as a percent of total
binding was less than 20% across the entire concentration range in the saturation binding assays (range:
6.2-19.8%), with one exception {24.6%) at the high concentration {10 nM) in one assay.

In the competitive binding experiment, there were no appreciabie alterations in R1881 AR binding

. activity at 2,4-D concentrations ranging from 10! to 10 M in three independent runs of the assay.
Summary results for the AR binding assay of 2,4-D are shown in Table S2. The estimated log ICs and
relative binding affinity (RBA) for 2,4-D was not calculated due to the absence of activity. The log ICs
values for R-1881 and dexamethasone were -9.0 and 4.4, respectively. Compared to R1881, the fBA for
dexamethasone was 0.0027 %. In all instances, R1881 and dexamethasone met the QC performance
criteria established in the test guideline.
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Based on the results of this assay, 2,4-D was classified as negative for AR binding.

Coady and Sosinski, 2011; (Published in Coady et al., 2014}

In an aromatase assay conducted according to US EPA Guidelines (US EPA, 2009d) with the exception
regarding the high concentration noted above, 2,4-D { 98.5% a.i) was incubated with human
recombinant aromatase and tritiated androstenedione (1-8{>H(N)]-Androst-4-ene-3,17-dione; [*HJASDN)
in ethanol at concentrations of 0, 10°%°, 109, 108, 1077, 10, 10, 10*°or 10®* M for 15 minutes to assess
the effect of 2,4-D on aromatase activity. Aromatase activity was determined by measuring the amount
of tritiated water produced at the end of 15 minute incubations for each concentration of chemical.
Tritiated water was quantified using liquid scintillation counting (LSC). Three independent runs were
conducted and each run included a full activity control, a background activity control, a positive control
series {1029 - 10" M) using 4-hydroxyandrostenedione (4-OH ASDN), a known inhibitor of aromatase,
and the test chemical series (10°2°- 10 M) with 3 replicates per concentration. Standard curves
generated from Runs 1, 2 and 3 with the known inhibitor, 4-OH ASDN, generally met perfformance
criteria as described in the US EPA guideline. In addition, the standard curves generated for each run
had a goodness of fit values that were equal to or exceeded 99%. The full activity and background
controls in each of the runs were within the recommended ranges for the assay. Thus, Runs 1, 2, and 3
of the aromatase assay with 2,4-D were considered acceptable for determining whether or not the test
material has the potential to inhibit aromatase activity in vitro.

The average respense from three independent runs of the human recombinant aromatase assay with
2,4-D did not fit the four parameter regression model. Additionally, average aromatase activity for 2,4-D
was similar to that of the full activity controls at all concentrations tested. Based on these results, 2,4-D
was classified as a non-inhibitor of aromatase activity.

LeBaron et ai., 2011c; {Published in Coady et ai., 2014}

In a steroidogenesis assay following US EPA Guidelines {US EPA, 2009e}, H295R cells cultured in vitro in
24-well plates were incubated with 2,4-D { 98.5% a.i.) at concentrations of 0.0001, 0.001, 0.01, 0.1, 1.0,
10.0, and 100.0 UM in triplicate for 48 hours. The test chemical vehicle was DMSO {0.1% (v/v}). The
highest 2,4-D concentration tested is the assay limit concentration of 10* M. Testosterone and estradiol
levels were measured using LC/APPI-MS/MS. Positive control chemicals prochloraz {an inhibitor) and
forskolin {an inducer) at two concentration levels were tested with each run of the assay. In addition,
control cultures were treated with the solvent vehicle for determination of acceptable basal hormone
production levels (i.e., minimally ~500 pg/ml testosterone and ~20 pg/ml estradiol). The test chemical,
reference chemicals, and solvent controls were tested in replicates of 3/plate.

Three independent runs of the steroidogenesis assay were performed with 2,4-D. No cytotoxicity > 20%
or precipitation were observed at any of the test concentrations of 2,4-D. The steroidogenesis assay of
2,4-D was conducted in accordance with OPPT 890.1550 test guidelines and EPA GLP regulations. The
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assay performance criteria were met for all three runs of the assay, with minor exceptions not
considered to affect the interpretation of the study results.

Measured concentrations of testosterone and estradiol in the culture media following 2,4-D exposure in
Runs 1-3 are shown in Table §3. At concentrations of 2,4-D ranging from 10°° M to 10™* M, testosterone
production was not statistically different than that of the solvent controls. The limit concentration of
2,4-D (100 pM, 10™* M} resulted in a small, statistically significant increase in estradiol production that
was reproducible across assays.

Based on these data, 2,4-D was judged to produce slightly increased estradiol production at the highest
{limit) concentration evaluated and not at any of the lower concentrations. This slight {1.2-fold)
increase in estradiol production, however, did not meet the cut-off criteria for increase {i.e., 1.5-fold) of
estradiol established in the EDSP validation program as indicating a positive response for the
steroidogenesis assay (Hecker et al., 2008) and is not considered biologically relevant.

B. In Vitro Studies ldentified in the Published Literature

Kojima et al., 2004

Two hundred pesticides, including 2,4-D (purity between 95-100%), were tested for agonist and
antagonist activity at the human ERq, human ERR, and human AR. Chinese hamster ovary celis {CHO K1}
were plated in 96-well plates at a density of 8,400 cells per well in DMEM/F-12 media containing 5% FBS
pretreated with dextran-coated charcoal. One day later, the cells were transiently transfected with ERaq,
ERR, or AR. Cells were simultaneously transfected with a luciferase reporter plasmid containing either an
estrogen responsive element (ERE) or an androgen responsive element {ARE) upstream of the firefly
luciferase gene, and a plasmid containing the Reniffa luciferase gene {used as an internal controi for
transfection efficiency). Three hours post-transfection, cells were treated with 10 — 10 M of each test
compound or 0.1% DMS0 {vehicle controt}. To evaluate antagonist activity at the ERa, ERR, and AR, test
compounds were added in the presence of either 101* M E2, 10 M E2, or 10°° M DHT, respectively.
After 24 hours incubation, the cells were lysed and firefly luciferase activity measured and normalized
against expression of Renilfa luciferase activity. A test compound was determined to have agonist
activity if it showed an activity level within the range of concentrations tested that was 220% that
induced by 107° M E2, 10° M E2, or 10°° M DHT at the ERq, ERR, or AR, respectively. Similarly, a test
compound was determined to have antagonist activity if it inhibited the activity of the agonist by at least
20% within the range of concentrations tested. Mean results of three independent experiments were
reported. Within the concentration range of 10° - 10 M, 2,4-D did not demonstrate agonist or
antagonist activity at the ERa, ERB, or AR.

This study is considered to be of high quality and demonstrated an absence of ERa transactivation by
2,4-D, a lack of antagonist activity at the ERa and the absence of both agonist and antagonist activity at
ERRB, and an absence of ability to transactivate the AR or antagonize the activity of DHT at the AR.
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Lin and Garry, 2000

Sixteen agrochemicals, including 2,4-D and 2,4-D isooctyl ester, were assessed for the ability to induce
proliferation of an estrogen-responsive human breast cancer cell line. To examine cytotoxicity, MCF-7
cells were seeded in DMEM/F-12 medium {without phenol red; supplemented with 10% FBS [not
charcoal-dextran treated) and 1% gentamicin) at a density of 10° cells/ml in 24-well plates. Test
chemicals or solvent alone were added within 2-4 hours of incubation. After 72 hours in culture, the
cells were evaluated for cell number and viability by flow cytometry. Results of cytotoxicity assays were
not shown but concentrations tested reported to be non-cytotoxic. To assess cell proliferation, 10°
MCF-7 cells/m| were seeded into 24 well plates using medium containing either 10% charcoal-dextran
treated FBS or 10% non-charcoal-treated FBS, Forty-eight hours later, cells were treated with 107 M E2,
solvent vehicle, or dilutions of test chemicals {0.1 to 10 ug/mL; duplicate wells per sample) and cultured
for an additional seven days. The final volume of solvent was <0.1% of total volume. At end of culturing
period, cells were harvested and examined for cell number and viability by flow cytometry. n all cases,
three separate experiments were run with at least duplicate samples per concentration tested.
Commercial grade 2,4-D LV4 (66.2% purity 2,4-D isooctyl ester) and 2,4-D amine {46.5% purity 2,4-D
dimethylamine) both induced MCF-7 cell proliferation, with maximum proliferation at concentrations of
1 pg/ml. Reagent grade 2,4-D isooctyl ester and reagent grade 2,4-D acid, however, had no effect on
MCF-7 cell proliferation, suggesting that the proliferative effect was due to additives or contaminants
present in the commercial products.

Sun et al., 2012

Sun et al. (2012} developed luciferase reporter gene assays to measure the effects of 2,4-D on estrogen
receptor alpha (ERa)}, androgen receptor (AR) and thyroid hormone receptor {TR) activities. Vero cells,
derived from African green monkey kidney epithelium, were used because they do not express any of
these receptors endogenocusly. Cells were transfected with one of the ERa, AR, or TR luciferase reporter
plasmids and subsequently treated with 0.1-, 1-, 10- and 100-fold concentrations of 2,4-D maximum
contamination level (MCL) of 0.03 mg/L in Chinese drinking water, i.e., cells were exposed to 0.003,
0.03, 0.3, and 3.0 mg/L 2,4-D. Agonist activity was measured as 20% relative effective concentration,
which was defined as the concentration at which 2,4-D showed 20% of the maximum activity of E2,
testosterone, or T3. Similarly, antagonist activity was measured as 20% relative inhibitory concentration
when co-treated with 1x10°° mg/L EZ, 5x10° testosterone, or 5x10™* mg/L T3.

2,4-D exhibited no agonist or antagonist activity for ERa even at concentrations 100 times the MCL.
There was also no detectable androgenic or anti-androgenic activity at any of the 2,4-D concentrations
tested; however, at 100x the MCL, 2,4-D was reported to enhance the effects of testosterone in the AR
antagonist assay. The health significance of this finding is uncertain and it was limited only to the
highest concentration tested, and in an assay system designed to test anti-androgenicity and not
androgenicity. The concentration showing this effect was roughly equivalent to a 2,4-D serum
concentration resulting from an in viva dose greater than 5 mg/kg/day (Saghir et ol., 2013), the overall
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. 2,4-D NOEL dose used as the point of departure dose to set the chronic RfD for 2,4-D, and thus this
finding is not relevant to hurnan health risk assessrnent.
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Supplementary Appendix Iil
Ecotoxicological Studies with Klimisch Scores of 1 or 22

A. Regulatory Toxicology {(EDSP Tier 1) Studies

Coady et ai., 2010; {published in Coady et al., 2013}

The Tier | EDSP Amphibian Metamorphosis Assay {AMA)] is an assay in frogs designed to focus on
potential thyroid effects. The study design corresponded with Guidelines: OPPTS 850.1100 {US EPA
2009f) and OECD 231. In brief, African clawed frog (Xenopus laevis) tadpoles were exposed to 2,4-D
{98.6% purity) under continuous flow-through conditions for 21 days. Nominal test concentrations were
selected based on prior acute toxicity studies with Xenopus laevis embryos and Rana pipiens larvae,
which showed that the required high concentration equivalent to 1/3 of the LCS0 (estimated maximum
tolerated concentration {MTC)) was close to the 100 mg/L guideline limit concentration. The negative
control was untreated laboratory dilution water. The study design is summarized in Table 54.

The concentration of 2,4-D in the exposure solutions was measured from all replicate tanks on a weekly
basis during the test. Mean measured concentrations were 0.273, 3.24, 38.0 and 113 mg acid
equivalents {a.e.)/L, representing 68.3, 81.0, 95.0 and 113% of nominal concentrations, respectively.
Test substance was not detected in the negative control {Limit Of Quantitation (LOQ) = 0.120 mg a.e./L).
A decline in measured concentrations was most likely due to biodegradation, which reduced 2,4-D
concentrations in all exposure groups except for the high concentration, and proportionately had a
greater effect at the two lowest nominal concentrations.

Hind {imb length was normalized by snout-vent length to account for the effects of growth. Length and
weight data for tadpoles reaching stages greater than Nieuwkoop and Faber {NF) stage 60 were
excluded from statistical analyses in accordance with guideline requirements due to the typical drastic
morphological changes in these parameters due to metamorphic progression at this stage and ahove
{US EPA 2009f; Nieuwkoop and Faber, 1994).

The anly performance criterion that was not met consistently in the AMA with 2,4-D was that a total of
six replicate test vessels (4 replicate test vessels in the 0.273 mg./L 2,4-D treatment group and 2
replicate test vessels in the 3.24 mg /L 2,4-D treatment group) had measured concentrations of 2,4-D
with coefficients of variation that exceeded 20%. This was likely due to hiodegradation of the test
material in the test vessels. Since the validity criteria and most of the performance criteria were
fulfilled, and test concentrations were characterized, the study is considered valid, of high quality
{Klimisch score of 1), and useful for assessing potential thyroid effects in the WoE.

There were no exposure related effects on survival or behavior. There were no statistically significant
effects of 2,4-D on wet weight, snout-vent length (SVL), normalized hind limh lengths (HLL) or median NF
developmental stage at either day 7 or day 21. There were no exposure-related histopathologic changes

2 See Publication Table 7 for Klimisch scores and comments for regulatory and published ecotoxicological studies

Page 71 of 1414



in the thyroid gland in any of the dosed groups, including no evidence of glandular atrophy, hypertrophy
or follicular cell hyperplasia. The incidence of tall columnar cells lining the follicles {follicular cell
hypertrophy) did not show any exposure-related differences and was interpreted to be within normal
limits at all concentrations of 2,4-D. There was no evidence of any inflammatory or degenerative
changes in the thyroid glands examined in any treatment group.

All other histopathologic criteria of all 2,4-D exposed tadpoles, including the overall size of the gland, the
follicular lumen area, amount and type of colicid, and the follicular cell type and arrangement, were
comparable to those of the controls.

In sum, there were no biologically significant exposure-related effects on the thyroid gland or other
endpoints of this assay that are potentially subject to perturbations in the Hypothalamus-Pituitary-
Thyroid (HPT) axis {i.e,.normalized hind limb length developmental stage, occurrence of asynchronous
development}. Thus, there is no evidence of a potential interaction with the HPT axis in this Tier 1 EDSP
AMA tested to the limit concentration of 100 mg 2,4-D/L.

Marino et al., 2010 (published in Coady et al., 2013)

Marino et gl. (2010) tested 2,4-D in a Fish Short Term Reproduction Assay {FSTR assay) {US EPA 2009g).
Details of this study, which is designed to assess potential interactions with the estrogen, androgen or
stercidogenesis pathways, are provided in Coady et af., 2013. The study was conducted in compliance
with OPPTS 890.1350 and OECD 229. Sexually mature adult fathead minnows (Pimephales promelos)
were exposed 1o 2,4-D (98.6% purity) under continuous flow-through conditions for 21 days. Nominal
test concentrations were selected based on acute toxicity tests and an early life stage test with fathead
minnows (Alexander et al., 1983; Mayes et @/ 1990). The negative control was untreated laboratory
dilution water. The study design is summarized in Table §5. Survival, fecundity, fertilization success,
and general observations of health were noted daily during both the 14-day pre-exposure period and
the 21-day exposure period. At termination on day 21, lengths and weights of surviving fish were
measured, as well as secondary sex characteristics {including tubercle scores), gonado-somatic index
{GSI), histopathelogy of gonads, and plasma vitellogenin concentrations.

The concentration of 2,4-D in the exposure solutions was measured from all replicate test vessels at
weekly intervals during the test using a validated analytical method. Mean measured concentrations
were 0.245, 3.14, 34.0 and 96.5 mg a.e./L, representing 61.3, 78.5, 85.0 and 96.5% of nominal
concentrations, respectively. Test substance was not detected in the negative control {LOQ = 0.10 mg
a.e./L}). Adecline in measured concentrations was most likely due to biodegradation, which reduced
2,4-D concentrations in all treatment groups but proportionately had a greater effect at the two lowest
nominal concentrations.

The only performance criterion that was not met consistently was that a totai of five replicate test
vessels had measured concentrations of 2,4-D with coefficients of variation that exceeded 20%, likely
due to degradation as described above. Since the validity criteria and most of the performance criteria
were fulfilled, the study is considered valid, of high quality (Klimisch score of 1}, and useful for assessing
potential estrogen or androgen pathway interactions or effects on steroidogenesis in the WoE.
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The overall results of the study are summarized in Table 5 in the publication. The only significant effect
compared to the controls was a decrease in fecundity {considered a non-specific finding) among fish
exposed to 96.5 mg a.e./L 2,4-D. In the absence of effects upon the other, more specific endocrine-
mediated endpoints, the isolated effect on fecundity at 100 mg a.i./L is most likely due to systemic
toxicity and a generalized stress response. This concentration is relatively high {approximately 1/3 of
the acute LC50 value in fish), is the limit concentration for the FSTR assay, and is a concentration which
exceeds the Maximum Acceptable Toxicant Concentration (MATC) for Jarval fish survival in an early life
stage toxicity test with fathead minnows (Mayes et al., 1990).

In conclusion, 2,4-D does not appear to interact with the estrogen, androgen or steroidogenic pathways,
or with the HPG axis, in fathead minnows tested up to the limit concentration in this EDSP Tier 1 FSTR
assay.

Mitchelt et af., 1999

An avian single generation reproductive toxicity study (Mitchell et a/., 1999) of 2,4-D shows limited
toxicity 1o quail and a lack of potentially endocrine-related effects.

in this study at Wildlife international, 2,4-D Acid (96.9% pure} was administered to adult Northern
Bobwhite quail {Calinus virginianus) for 21 weeks via the diet at the following nominal concentrations:
0, 160, 400, and 1000 ppm active ingredient. Analysis of feed during the study indicated that measured
concentrations of 2,4-D were close to nominal values {92-96% nominal). All adult birds were observed
daily for signs of toxicity and abnormal behavior. Aduit body weights were measured at test initiation,
weeks 2, 4, 6, 8, and at adult termination. Feed consumption was measured weekly throughout the
test. Following egg production, eggs were set weekly for incubation. During incubation, a subset of the
eggs was assessed weekly for eggshell thickness. Eggs were additionally examined to detect eggs cracks,
abnormal eggs, infertile eggs or embryo mortality. Eggs were hatched on Day 21 of incubation.
Hatchlings were assessed {by pen) for group body weight. Weight of surviving offspring was again
assessed at 14 days of age.

Study findings are summarized in Table 6 of the Publication. There were no treatment-related
mortalities, overt signs of toxicity or treatment-related effects upon body weight or feed consumption at
any of the concentrations tested. Additionaily, there were no treatment-related effects upon any of the
reproductive parameters measured at the 160, 400 or 1000 ppm a.i. test concentrations, including
fertility, egg shell thickness, embryc-monrtality or hatching success. The no-observed effect
concentration for northern bobwhite exposed to 2,4-D acid in the diet during the study was 1000 ppm
a.i., the highest concentration tested. This study is considered valid; it predicts a very low hazard of
reproductive toxicity of 2,4-D to birds and a low likelihood of endocrine-related effects on birds.
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B. Other Ecotoxicological Studies [dentified in the Published Literature

Reptiles
Crain et al., 1997

American alligator {Alligator mississippiensis} eggs collected from Lake Woodruff, Florida (relatively
pristine environment) were topically dosed with 173-estradiol {positive control) or the herbicides
atrazine or 2,4-dichloro-phenoxyacetic acid (2,4-D) (Chem Service, West Chester, PA; 97.6% purity)} prior
to the time of sexual differentiation. Atrazine will not be discussed further. Each egg received a single
dose of 0.014, 0.14, 1.4, or 14 ppm estradiol or 0.14, 1.4, or 14 ppm 2,4-D applied topically to the
eggshell in 50 ml of 95% ethanol. {This is a technique frequently used to transpert compounds inside
reptilian eggshells.) An ethanol solvent control and an untreated control were also included in the study
design. Upon pipping, chorio-alfanteic fluid {CAF) was collected and analyzed for estradiol and
testosterone using radicimmunoassay. Hatchlings were then housed individually for 10 days. Just prior
to euthanasia, blood was collected for estradicl and testosterone analyses. Following euthanasia, the
right gonadal-adrenal mesonephros (GAM) complex was removed for an aromatase biocassay. The left
GAM was removed and analyzed histopathologically to determine sex.

Results indicated that in ovo exposure of American alligators to 2,4-D did not alter sexual differentiation
and had no effect on plasma steroids, or on gonadal aromatase activity. This study is included in the
WoE because hormone levels were directly measured post 2,4-D exposure, the method of application
has been used previously and penetration of test material demonstrated, and a positive control was
tested.

Crain et gl., 1999

This study extends from the study by Crain et al., (1997) above. The same test organisms, methods, and
test compounds were used; however, hepatic aromatase activity was measured in hatchling alligators
and a more complete histopathological analysis of the gonad was completed. Results indicated that 2,4-
D exposure in ovo prior to the time of sexual differentiation had no effect on hepatic aromatase activity
or testicular histopathology. This study is included in the WoE because aromatase was directly
measured post 2,4-D exposure.

Spiterl et al., 1999

This study extends from the study by Crain et /., {1997) and Crain et al., (1999) above. The same test
organisms, methods, and test compounds were used. Five eggs from each dose-treatment group were
incubated at either a temperature that produces 100% males {33°C) or a temperature that produces
100% females {30°C). At ten days post-hatch, gonadal histology and hepatic steroidogenic activity were
assessed in the hatchlings. Hatchlings in all the estradiol treatment groups were 100% female regardless
of their incubation temperature. Hatchlings in the 2,4-D treatment group developed as males or
females, as was expected based on their incubation temperature. Thus, there were no signs of sex
reversal due to herbicide exposure. Compared te controls, 14 ppm estradiol caused a significant
increase in the degeneration of the ovarian medulla and a significant increase in the height of Miillerian
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duct epithelial cells. {The high dose of estradiol necessary to elicit these responses indicates that these
histopathological endpoints are not as sensitive as gender reversal.) No significant histopathoiogical
differences were noted among the gonads of hatchlings exposed to 2,4-D. The publication also
reiterated the results from hepatic aromatase assays of the hatchling alligators summarized in Crain et
al., 1999 ahbove; it is not clear that any new data were developed on this parameter. The design and
methods employed in the present study indicate that the study is scientifically valid. The results of this
study suggest that egg exposure to concentrations up to 14 ppm 2,4-D do not cause significant
alterations in gonadal structure or hepatic steroidogenic enzyme activity of hatchling American
alligators. In contrast, all doses of estradiol (even as low as 0.014 pprn) caused ferninization of
prospective males. These data have relevance for the weight of evidence for endocrine activity since
steroidogenesis and gonadal histopathology are relevant endpoints; also the test system was
demonstrated to respond to a positive control. Under the conditions of exposure, 2,4-D, did not affect
steroidogenesis or ovarian activity.
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Supplementary Appendix IV
Mammalian Toxicological Studies with Klimisch Scores of 1 or 23
A. Regulatory Toxicology Studies

Reproductive Toxicity Evaluations

Marty et ol., 2010; Marty et ol., 2013

The EOGRT study of 2,4-D {Marty et ¢i., 2010, published in Marty et al., 2013) was specifically designed
to provide sufficient information to assess whether endocrine targets are, in fact, altered with in vivo
exposure, and to provide the basis for robust risk assessment of 2,4-D, including risk assessment
protective for any potential endocrine effects. The study design was based on a modified reproductive
toxicity study protocol that evaluated multiple endpoints across life stages, including estrogen,
androgen and thyroid effects (Cooper et af., 2006). This study design provides a reliable basis for
establishing the potential of 2,4-D to interact with the estrogen, androgen or thyroid pathways and is
considered a Tier 2 EDSP-equivalent assessment.

As noted, this study incorporated the extensive toxicokinetic information on 2,4-D in dose setting, to
inform dose selection. The high dose dietary exposure concentrations, which differed for mates and
females, were predicted to just exceed the TSRC. This study alsc included additional measures of
internal dosimetry. Based on these latter data, the high dose in males (800 ppm or approximately 40
mg/kg/day) adequately approached the TSRC, but the high dose in females (600 ppm or approximately
25-30 mg/kg/day) clearly exceeded the TSRC,

This study is reported in depth in a publication by Marty et af., 2013. A summary of the study design and
endocrine-related parameters for the EOGRT study follows:

CD®rats {27/sex/dose) were fed diets containing 0, 100, 300, and 600 (females} or 800 {males} ppm 2,4-
D {98.75% purity), supplying approximately 0, 7, 21, or 40 mg/kg/day 2,4-D for adult females and 0, &,
17, or 45 mg/kg/day 2,4-D for adult males for four weeks prior to breeding and continuing through
breeding {up to two weeks), gestation (three weeks), and lactation (three weeks). Exposure of P
(parental generation) males continued to ensure dosing covered a full spermatogenic cycle. P females
were exposed until LD 22 (the end of the lactation period). P males and femnales were evaluated for
systemic toxicity, as well as functional and structural evaluations of the reproductive systems. In
addition, a satellite group of P females {12/dose) was exposed during pre-breeding, breeding, and GD 0-
17, when they were euthanized to assess gross pathology, clinical pathology, thyroid hormones, TK and
selected reproductive parameters during gestation.

* Klimisch scores and comments for regulatory developmental, subchronic and chronic toxicity studies are in
publication Table 10, and for published mammalian toxicological studies in publication Table 11.
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Table $6 summarizes the initial group assignments:

Dietary concentrations of 2,4-D were adjusted during lactation (LD 7-21) by a factor of 2x or 3x to
account for the large increase in feed consumption {2-3-fold) typical for rat dams in mid- to late
lactation- LD 7-14 {Hanley et a/., 1985). Diets to weanlings were also adjusted until PND 35. These
dietary concentration adjustments were intended to maintain more consistent doses of 2,4-D
{mg/kg/day basis) across study phases and were based on TK information from the TK/rangefinding
study of 2,4-D {Saghir et af., 2008a). Dose adjustments are shown in Table 57.

Selected F1 offspring were maintained on the test diet until PND 60 (10/sex/dose), “PND 70 (Sets 1a;
10/sex/dose and 2a; 10/sex/dose) or “PND 90 {Set 2b; 10/sex/dose) and ~PND 139 {Set 3; 20/sex/dose).
F1 Offspring were evaluated for effects on systemic toxicity (Set 1a}, the nervous system {Set 1b),
immune system {Set 2a and 2b), and the reproductive system and thyroid function (Set 3). 2,4-D TK was
assessed in the Set 3 F1 offspring on PND 63 and 84.

Systemic toxicity: Systemic toxicity was limited to body weight decreases and decreased feed
consumption in P females during lactation {evident before diet concentration adjustment), and
decreased pup body weights in pups at 600 ppm. Animals during these life stages still received more
compound on a mg/kg/day basis (despite dose adjustment) than did animals in other life stages and
high-dose femaies were considered to have exceeded the TSRC. Renal toxicity was observed at the high
dose in males and females, consistent with other studies of 2,4-D. Very slight renal effects were seen at
the mid-dose; these are considered toxicologically insignificant. There was no indication of
developmental neurotoxicity or developmental immunotoxicity in the study.

Reproductive toxicity: 2,4-D had no effects on estrous cyclicity or P reproductive indices, including
mating, fertility, time to mating, gestation length, pre- and post-implantation loss and corporg futea
number {examined in satellite darms). There were slight non-statistically and non-biologically significant
decreases in the fertility indices at 300 and 600 ppm in the P animals; these differences were within the
laboratory historical control data (HCD) range. Litter size, pup survival, female reproductive organ

histopathology and ovarian follicle counts were unaffected by 2,4-D exposure.

Decreased bilateral testis size was found in one P male in each of the 300 and 800-ppm groups. This
finding was not considered exposure-related; the incidence was well within the laboratory HCD range. A
simifar but unilateral finding was noted in a control F1 male. This finding was not made in 2,4-D-
exposed adult F1 offspring with longer 2,4-D exposures, which included higher mg/kg/day exposures
during critical windows of development, and there was no overall exposure-related impact on testes
weight. Decreases in testis size are a spontaneous occurrence in adult Crl:CD(SD} rats {Pettersen et of.,
1996). There were no exposure-related changes in sperm parameters or histopathological changes in
male reproductive organs. Overall, there was no indication of reproductive toxicity caused by 2,4-D in
this study.

Page 77 of 141



Potential endocrine toxicity

Findings are summarized in publication Table 8.

Estrogenicity/Anti-estrogenicity: There were no exposure-related effects on developmental landmarks,
including AGD or age and body weight at vaginal opening. There were no effects on female
reproductive organ histepatholegy in either P or F1 offspring, or on quantitative ovarian follicle counts
in F1 offspring evaluated for this parameter. There were no significant, exposure-related changes in
reproductive organ weights in P or F1 PND 22 females or in F1 adult males and females. As noted
above, repreductive indices and litter size and pup survival were not affected by 2,4-D.

When uterine weights were examined at termination in P and F1 females, there was a suggestion of
increased uterine weight in the high-dose group. The increases in uterine weights were not statistically
significant compared to control, and showed high variability because the stage of the estrous cycle was
not uniform at necropsy. There was general correfation with a higher {but not abnormally higher}
incidence of 600 mg/kg/day females compared to control in proestrus or estrus at the time of necropsy.
Proestrus and estrus are normal stages of the estrous cycle; these show the greatest fluid imbibition in
the uterus, and therefore have higher uterine weights and hypertrophy compared to uteri at other
stages of the estrous cycle. There were no signs of enlarged uteri noted on gross examination, and no
abnormal findings on histopathological evaluation. Examination of HCD showed control uterine weights
fell below HCD. Further, there was no suggestion of a compound-related effect on estrous cyclicity
{animals were eycling normally, with no signs of persistent estrus, difference from control in cycle
length, or of irregular cycles). There was no effect on time to mating (often prolonged if cycies are
irregular). Based on these factors, the perceived increase in uterine weight is considered to reflect
normal variability and not an exposure-related finding.

Androgenicity/Anti-androgenicity: In P adult males, decreased seminal vesicle and prostate weights
were seen at > 300 ppm; prostate weights were not statistically different from control. These findings
were not considered exposure-related because both absolute and relative seminal vesicle and prostate
weights in the control group exceeded the laboratory HCD ranges. Organ weights for the 800 and 300
ppm-exposed males were within the laboratory HCD range. Additionally, there were no associated
histopathological findings. Differences in prostate and seminal vesicle weight seen in parental males
were not reproduced in F1 offspring with longer 2,4-D exposures, including exposures during critical life
stages. There were no exposure-related alterations in reproductive or accessory sex gland weights or
histopathology in adult F1 mates. Neither P nor F1 males (PND 139) showed effects on sperm
parameters,

Decreased testis weights in 600 ppm PND 22 F1 weanlings, which lacked corresponding
histopathological findings, were attributed to decreased body weights. Body weight findings correlated
strongly with the testis weight findings, and resulted from artifactual differences in PND 22 male pup
body weights introduced during group assignment, possibly exacerbated by 2,4-D-related toxicity and/or
palatability issues in the 600 ppm group, which exceeds the TSRC. Note a previous feed restriction study
indicated that weanling organ weights, including testes, decrease with alterations in body weight
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(Carney et al., 2004). This differs from results in adult male rats, where testes weights are conserved in
the presence of body weight decrements (Chapin et al., 1993). No effects on testis weights were seen in
adult males.

Therte was a slight delay (+1.6 days} in F1 preputial separation at 800 ppm, which was attributed to high-
dose body weight decrements and decreased growth during lactation and post-weaning. Body weight at
the time of puberty onset was similar in 800 ppm males and controls. High-dase males weighed the
same as controls 1.6 days later when puberty onset occurred, indicating that 800 ppm 2,4-D affected the
rate of growth in peri-pubescent male rats. The magnitude of this delay {1.6 days with 7-8% differences
in body weights on PND 28-42) was consistent with a 1.8-day delay in age at preputial separation in a
feed restriction study with a 10% body weight decrement {Marty et al., 2003).

Other androgen-sensitive endpoints including anogenital distance (AGD) and nipple retention in male F1
offspring were not altered. These endpoints are considered highly sensitive to anti-androgenicity {Clark,
1999; Mcintyre et al., 2001, Wolf et al., 2002, Hotchkiss et gl., 2004). No effects were seen on other
androgen-sensitive endpoints examined in the F1 generation.

Thyroid Assessment: Thyroid hormones (T3, T4, and TSH), thyroid weights and/or histopathology were
evaluated at multiple life stages. There was no consistent pattern of effects on thyroid parameters
across life stages. The only thyroid findings considered likely to be exposure-related were in high-dose
satellite GD 17 dams given 600 ppm 2,4-D. These females had non-statistically significant decreases in
T4 and T3 with a corresponding increase in TSH. Thyroid histopathological aiterations were seen in 3 of
12 dams in this group. The histopathological findings were comprised of smaller thyroid follicles with
small vacuoles in the colloid that were suggestive of colloid resorption. There were no adverse
pathological alterations and thyroid changes were not observed in LD 21 main study dams, indicating
that this effect was transient. The thyroid findings are considered adaptive, as decreased colloid is a
normal feedback initiated response to slight fluctuations in circulating thyroid hormone levels. The
NOAEL for this study for thyroid effects is the highest dose tested.

High-dose alterations in thyroid function during pregnancy are plausible given that high-doses of 2,4-D
have been shown to compete with T4 for serum protein hinding {Florsheim et g/, 1963 and Van den
Berg et al., 1991} ) and hecause pregnancy affects all aspects of thyroid hormone economy {Larsen and
Ingbar, 1992; Fukuda et gi., 1980). This adaptive change in thyroid function in GD 17 dams occurred
only at 600 ppm, an exposure level above TSRC {nonlinear TK was particularly marked in GD 17 dams
compared to non-pregnant adult females). There were no thyroid effects at lower dose levels in GD 17
dams and no statistically or biologically significant effects on thyroid endpoints at any of the other life
stages examined.

Importantly, no devefopmental neurotoxicity {(DNT) effects were observed in F1 males and females.
Adverse effects on DNT parameters have been reported for compounds that are thyroid-active. The
thyroid-active agent, 6-propyl-2-thiouracil {PTU), has been associated with decreased brain size, altered
brain development (i.e., impaired neuronal migration and white matter hypoplasia} {Behnam-Rassoli et
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al., 1991; Schoonover et al., 2004, Lavado-Autric et al., 2003; Shibutani et al., 2009); effects not seen in
the EOGRT study. There were also no changes seen in myelin deposition, which was reported as a
concern by Duffard’s group in Argentina (Duffard et /. 1996). Special staining was performed in the
EQGRT study to evaluate potential effects on myelin deposition in developmentally and peri-natally
exposed animals; none were observed.

Thyroid perturbations during development could affect motor activity, which would present as
incoordination during clinical observations in pups and persistent hyperactivity {increased motor counts)
in post-weaning animals during motor activity testing (Geldey et al., 1995); these effects were not seen
in the EQOGRT study. Goldey et al (1995) also reported that thyroid perturbations in offspring increased
startle response amplitude in adults, again suggesting a hyper-reactive response. There were no effects
on startie amplitude in the EOGRT.

Pituitary and Adrenal: Absolute and relative pituitary gland weights were significantly decreased in the
800 ppm F1 Set 3 males; however, this finding was not considered exposure related because of the
extremely slight nature of the difference. Pituitary weights in P1 or F1 Setla males and females or F1
Set 3 fermmales were not statistically different. There were no exposure-related histopathological changes
in pituitaries at any dose level or life stage.

There was no indication of alterations in adrenal function as there were no effects on absolute or
relative adrenal gland weights and no exposure-related histopathological findings in adrenals at any 2,4-
D exposure level. Adrenal gland weights and histopathology coften are altered in the presence of
steroidogenesis inhibitors {USEPA, 2007}; therefore, these data do not support effects of 2,4-D on
steroidogenesis.

In conclusion, there was no evidence of adversely altered endocrine function in a comprehensive EOGRT
study of 2,4-D. Slight adaptive effects were seen on thyroid hormone homeostasis at the high dose in a
single life-stage, at a dose exceeding the TSRC and not relevanrt for human risk assessment.

Rodwell and Brown, 1985

This study was a two-generation OPP 83-4 Guideline reproductive toxicity study in Fischer 344 rats. 2,4-
D (97.5% purity) was administered in the diet at nominal dose levels of 0, 5, 20, and 80 mg/kg/day
{30/sex/dose) for one full generation and at 0, 5, and 20 mg/kg/day for the second generation. The 80
mg/kg/day group was dropped after the first generation because it exceeded a maximum toterated
dose, based on excessive mortality among the F1b pups following a mis-dosing during gestation and
lactation. The mis-dosing resulted in all groups of F1b dams and pups being exposed to greater than
nominal doses; high-dose dam exposure was = 100 mg/kg/day. Because of the mis-dosing and several
deficiencies this study is scored a Klimisch score of 2.

The study followed standard FIFRA Guideline procedures of the time with the following exceptions:

» Two matings were conducted per generation
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¢ Mating was conducted so one male with one female for a 10-day period; if there was no
evidence of mating the female was re-paired with a proven male for an additional five days. The
second mating of each generation tested different pairings.

¢ Pups dying before Day 4 were examined for anomalies externally and internally

»  All F1b surviving pups were sacrificed at weaning; these pups, plus a random 10/sex from other
dose ievels were necropsied and kidney, liver, ovary, uterus, testes, epididymides, accessory sex
glands and gross lesions evaluated histopathologically.

There were no treatment-related signs of toxicity or effects on survival of parental animals. At 80
mg/kg/day, decreased weight gain was seen during gestation. No decreased feed consumption was
seen, except in dams producing the F1b pups. Fertility indices and mean pre-coital intervals were
comparable for control and treated groups in three of the four matings in the study. The fertility index
was slightly lower {not statistically significant) compared to control at 80 mg/kg/day in the mating to
produce the F1b litters; the interval where the mis-dosing occurred.,

The F1a litters showed a slightly increased number of stillbirths and decreased pup body weight; the F1b
litters had a significantly increased incidence of stillbirths and marked decreases in pup survival
(mortality in 68.3% of all pups born). The severity of the effect on the F1b pups was attributed to
excessive maternal toxicity due to the unintentional overdose during gestation and lactation, although
pup survival may also have been adversely impacted due to direct toxicity to the pups. There was no
clear indication that lactation was adversely affected or any other indication that the pup deaths
resulted from endocrine-related toxicity. At > 20 mg/kg/day, pup body weights were slightly decreased
{in F1b pups only). No adverse effects on pups were seen at 5 mg/kg/day.

Malformations observed in F1b pups at 280 mg/kg/day (as noted above likely more than 100 mg/kg/day
dose to dams and clearly exceeding the TSRC) included generalized edema, mal-aligned sternebrae, and
bent limb bones; variations included 14" ribs, bent ribs and decreased ossification of the vertebral
arches {a imited number of F1b control pups were evaluated, therefore the exposure-relationship of
these findings cannot be determined). The pattern of these developmental effects, however, is similar
to that seen in some rat developmental toxicity studies with 2,4-D acid, esters, and salts at maternally
toxic doses (Charles et gl., 2001} that also exceeded the TSRC and is not characteristic of the types of
anomalies associated with endocrine disruption {e.g., urogenital malformations).

The high-dose effects on pup mortality, survival, and malformations are attributed to direct toxicity of
2,4-D on dams and/or pups; there is no evidence of an endocrine-related pattern. Additionally, no
effects were noted on pre-coital length, fertility, or on histopathological evaluation of the accessory sex
glands, epididymides, testes, ovaries, or uterus.

The gross and microscopic evaluation of uteri in the PND 28 offspring showed no evidence of imbibed
uteri or uterine lining proliferation, even at the excessively toxic dose to the F1b weanlings. F344 pups
tend to develop more slowly than do CD rats, and PND 28 pups although close to puberty are unlikely to
be cycling, thus reducing uterine weight variability and making any estrogenic effect on the uterus more
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readily observable. This evaluation therefore provides additional confidence that potential estrogenic
effects do not result from 2,4-D exposure.

One finding suggesting possible endocrine toxicity was that the length of gestation was statistically
significantly profonged {by 1 day) in the production of the f1b pups at >80 mg/kg/day, compared with
controls. Gestation may be prolonged because of difficulties in parturition, hormonal imbalance, or
delays in implantation. The first alternative is unlikely because no evidence of dystocia {prolonged or
difficult labor} was reported. Another possible explanation is that the females were at a more advanced
age at the time of the second littering and may have been more susceptibie to the test compound at the
high dose which was well above the TSRC. The latter supposition is reinforced by the absence of this
finding in the F1a littering {exposed at a lower dose) and is consistent with the absence of this finding in
the Saghir et al. (2008a) range-finding study, in which a similar dose did not result in protonged
gestation. It should be noted that the F344 rat typical gestation period is 21-22 days; a day longer is
likely of marginal biological significance. At most, the finding of prolonged gestation in the F1b litters
provides equivacal evidence of a potentially treatment-related hormonal imbalance resulting from 2,4-D
exposure at a dose significantly exceeding the RCST {and exceeding a classically defined MTD}.

A second finding potentially showing endocrine toxicity was that the 80 mg/kg/day Fla pups showed a
statistically significant change in sex ratio {109 males and 71 females}, compared with the controls. This
finding was not repeated in the F1b pups (at a higher dose) and is considered unlikely to be exposure
related because of the lack of consistency. Additionally, there were no parallel exposure related effects
on the sex ratio in the Fl-extended one generation dietary toxicity study for 2,4-D (Marty et af., 2010),
or in the range-finding for the latter study {Saghir et al., 2008a).

The Rodwell and Brown (1985) two-generation study was a complete and relatively well-designed
assessment for its time, including adequate numbers of litters in each dose group for evaluation, with
two litterings per generation. It was more comprehensive (because of the additional histopathological
evaluations of weanlings} than required under the guidelines current at the time (OPP 83-4).

However, there were some study deficiencies to consider when evaluating these data for evidence of
endocrine effects:

»  Excessive toxicity occurred in the F1b animals at the high-dose level, likely due to an accidental
mis-dosing of this group - actual dose exceeded 100 mg/kg/day; therefore only two dose levels
were tested for the second generation.

» Additional parameters now recommended by guidelines on reproductive toxicity testing, which
are relevant to assessment of potential endocrine disruption, were not included: estrous
cyclicity; pituitary weights; developmental landmarks; and evaluations of sperm motility,
morphology, or counts.

» F344 rats are not recommended for evaluation in the EDSP Tier 1 pubertal study guidelines
(Sprague-Dawley rats are preferred) {US EPA, 200%h and US EPA 2009i).
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» No thyroid-related parameters were evaluated as part of this study.

A summary of results for the Rodwell and Brown (1985} study is presented in publication Table 9. In the
2,4-D reproductive toxicity study, there were no treatment-related effects on pre-coital length,
suggesting that the females had generally normal estrous cycling activity. There was no evidence of
adverse treatment-related effects on the testes, which were evaluated microscopically in both adults
and pups. The general reproductive success in this study suggests an absence of any potent androgen or
estrogen-related toxicity; thyroid related endpoints were not assessed. Although pup weight gain and
viability were compromised at 280 mg/kg/day, the severity of the effect on the F1b pups was attributed
to the excessive maternal toxicity at this dose caused by inadvertent overdosing (to at least 100
mg/kg/day). There was no indication that factation was adversely affected or other indication that the
pup deaths resuited from endocrine-related toxicity. As discussed previously, the pattern of
malformations seen at the high and maternally toxic dose tested generally paralleled findings in
developmental toxicity studies of 2,4-D and related compounds at doses that far exceeded the TSRC,
and were not typical for malformations relating to endocrine toxicity.

Developmental Toxicity

Rodwell, 1983

This study was a conventional OPP 83-3 Guideline developmental toxicity evaluation in F344 rats. The
study design and results were published by Charles et al. {2001) along with the results of evaluations of
selected 2,4-D esters and salts, which is summarized subsequently with relevant published data. 2,4-D
(97.5% pure} was administered by gavage at doses 0, 8, 25, and 75 mg/kg/day from gestation day (GD)
6-15; rats were sacrificed and caesarian-sectioned on GD 20. No adverse effects were seen on corpora
lutea, number of implantations, fetal survival, fetal sex ratio, urogenital malformations, any variations or
malformation or fetal body weight after doses to the dams up to 75 mg/kg/day on gestational days (GD)
6-15. The high dose produced relatively slight maternal toxicity, although data from other studies would
predict that the high dose by gavage would far exceed the renal clearance saturation threshold. There
was no evidence of endocrine disruption (based on absence of uro-genital malformations in this study).

Hoberman, 1990

This study was a conventional OPP 83-3 Guideline developmental toxicity in New Zealand white rabbits.
The study design and results were published by Charles et @/, {2001) along with the results of evaluations
of selected 2,4-D esters and salts, which are summarized subsequently with relevant published data.
Rabbits were dosed by gavage with O, 10, 30 or 90 mg/kg/day 2,4-D {97.5% pure) from GD 6-18. No
adverse effects were seen on carpora lutea, number of implantations, fetal survival, urogenital
malformations, any variations or maiformation or fetal body weight after a dose to the dams of 90
mg/kg/day (HDT) on gestational days {GD} 6-18. The high dose produced maternal toxicity, including
two abortions. The fetal sex ratio was altered at the high dose; this finding is considered unlikely to
reflect endocrine toxicity because genotypic sex determination occurs prior to the start of dosing.
Dantzier and Wright {2003) reported OAT-1 transporter in rabbit renal proximal tubules that actively
trapsported p-aminohippurate, the classical renal organic anion transporter substrate. Consistent with
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the presence of QAT-1 transporter in kidney, intravenous dosing of pregnant rabbits has demonstrated
that renal clearance of 2,4-D was saturated at doses of 10 and 40 mg/kg (Sandberg et af., 1996),
suggesting that high-dose oral effects limited to 90 mg/kg/day likely occurred under conditions of non-
linear toxicokinetic behaviors in rabbits. There was no evidence of endocrine disruption {based on
absence of urogenital malformations in this study).

Subchronic and Chronie Studies
Schulze, 1991a

Male and female F344 rats were fed 2,4-D (96.1% pure) in the diet at 0, 1, 15, 100, or 300 mg/ke/day for
approximately 13 weeks (10/sex/dose) in an OPP 82-1 Guideline study. The study design and results
were published by Charles et al. (2006a) along with the results of evaluations of a selected 2,4-D ester
and salt, which are summarized subsequently with relevant published data. Endocrine-related
parameters in the Schulze {(1991a} study included thyroid hormones (T3 and T4), ovary, vagina, testes
with epididymides, thyroid, adrenal and pituitary weights and histopathology, and uterus
histopathology.

Females fed 300 mg/kg/day exhibited depressed activity. At 13 weeks, mean body weight and body
weight gain of male rats fed 100 or 300 mg/keg/day were decreased (7.5% and 23%, respectively). Mean
body weights of female rats fed 300 mg/kg/day at 13 weeks were decreased {28%). The two high doses
in this study clearly exceeded the renal clearance saturation threshold, and the high dose exceeded a
classically defined MTD. Systemic toxicity was marked at 300 mg/kg/day. Renal toxicity was present at
100 and 300 mg/kg/day based on renal weight changes and/or renal histopathology. High dose effects
also included effects on eyes, hearts and lungs.

Findings potentizlly related to endocrine modulation were limited to high systemically toxic
doses above the TSRC:

s T4 was depressed in the males and females at 100 or 300 mg/kg/day at weeks 6 and 13.
T3 levels were decreased in females fed 100 and 300 mg/kg/day at 13 weeks. T3 was
depressed in the males fed 300 mg/kg/day at 13 weeks. (TSH was not evaluated}.
Males had higher absolute thyroid/parathyroid weights at 300 mg/kg/day and relative
weights at 100 and 300 mg/kg/day. Females at 300 mg/ke/day had higher relative
thyroid/parathyroid weights. Increased follicular cell hypertrophy was observed in the
thyroid glands of females at 300 mg/kg/day (8/10). No exposure-related findings were
noted in the thyroid of males.

*  Grossly, the cortex of the adrenal glands was pale in males fed 300 mg/kg/day {5/10).
No changes were noted in the medulla. Males fed 100 and 300 mg/kg/day had dose
related higher relative adrenal gland weights. Females fed 300 mg/kg/day had lower
absolute adrenal gland weights. There was an increased incidence of hypertrophy in the
zona glomerulosa of the adrenal gland cortex in males fed 300 mg/ke/day, and females
fed 100 and 300 mg/kg/day.
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* The ovary weight was increased at 300 mg/kg/day; there was no histopathological
correlate.

= The testes at 300 mg/kg/day were soft {8/10) and small (7/10). Epididymides showed
similar findings at this dose. Lower absolute and relative testes weights were noted at
300 mg/kg/day. Increased testicular atrophy was seen histopathelogically at this dose.

= Females fed 300 mg/kg/day had lower absolute and relative pituitary weights. Males
fed 300 mg/kg/day had lower relative pituitary weights. There was no histopathological
correlate to this finding in either sex and it is considered unlikely to be exposure-related.

= Histopathological changes were not observed in the following tissues: pituitary,
parathyroid glands, epididymides, ovary, uterus, and vagina.

Gorzinski et al., 1981a

Male and female F344 rats were fed 2,4-D (97.3% pure} in the diet at doses approximating 0, 15, 60,
100, or 150 mg/kg/day for approximately 13 weeks {15/sex/dose) in an OPP 82-1 Guideline study.
Endocrine relevant parameters included thyroid hormone (T4}; ovary, testes with epididymides weights
and histopathology; and thyroid, pituitary, adrenal, prostate, seminal vesicle, mammary gland, oviduct
and uterus histopathology.

Males fed 150 mg/kg/day showed a 5% decrease in body weight. Females fed 100 and 150 mg/kg/day
had a 5-7% and 10% decrease in body weight, respectively. The three high doses exceeded the TSRC for
both males and females. Systemic toxicity was apparent at 150 mg/kg/day, including renal toxicity
characterized by renal weight changes, slight swelling of the kidneys noted during gross pathology,
and/or renal histopathology.

Findings potentially related to endocrine modulation were:

e Serumn T4 was reduced in a dose dependent manner in females fed 100 and 150 mg/kg/day.
No statistically significant reduction was noted in males. T3 and TSH were not measured.
Thyroid weights were not measured. No histopathological changes in the thyroids were
noted in either sex.

» The relative testes weight was decreased in male rats fed 100 and 150 mg/kg/day. No
correlating histopathological changes were chserved.

No histopathological changes were noted in the adrenal glands, ovary, uterus, pituitary glands,
epididymides, seminal vesicles, coagulating gland, parathyroid glands, mammary glands or oviducts.

Gorzinski et ai., 1981b

Male and female F344 rats were fed 2,4-D {100% pure} in the diet at dietary concentrations equivalent
to 0, 15, 60, 100 or 150 mg/kg/day (15/sex/dose} in a non-Guideline sub-chronic toxicity study with
purified test material examining endocrine relevant endpoints of thyroid hormone (T4} and testes
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weight. Note although this is scored a Klimisch 3 because of very limited evaluations it is summarized
here because it provides supplemental information to Gorzinski et al. (1996a).

Mean body weight of females was decreased (7.6%) at 150 mg/kg/day and body weight of males was
decreased (4.6 and 7.7%) at 100 and 150 mg/kg/day, respectively. The two highest doses exceed the
threshold for renal saturation for both males and females. Renal toxicity was noted in males and
females fed 100 and 150 mg/kg/day based on renal weight change and swelling noted grossly for
kidneys. Renal histopathological changes were seen in males at 150 mg/kg/day.

Findings potentially related to endocrine modulation were limited to decreased T4 in females fed 60,
100, or 150 mg/kg/day. T4 levels in males were variable. There were no exposure-related effects on
testes weights.

Note no organ weights or histopathology was performed on endocrine-sensitive organs such as the
adrenal glands, thyroid glands, ovary, uterus, pituitary glands, epididymides, seminal vesicles
coagulating glands, parathyroid glands, mammary glands or oviducts. Thus, this study is {imited in the
amount of information relevant to assessing endocrine modulation.

Jeffries et al., 1995

In this rat chronic toxicity/oncogenicity study, male and female F344 rats were administered 2,4-
D {96.45% pure} in the diet at 0, 5, 75, or 150 mg/kg/day for approximately 12 months
{10/sex/dose) or 24 months (50/sex/dose). Endocrine-relevant endpoints included: thyroid
hormone measurement {T4); ovary, testes, thyroid, adrenal weights and histopathoiogy; and
pituitary, oviducts, cervix, uterus, vagina, mammary gland, epididymides, seminal vesicle,
coagulating gland and prostate histopathology. The only deviation from the guideline at the
time the study was performed is that the high dose female dose exceeded an MTD.

Mid-and high doses exceeded the TSRC and the high dose females exceeded a classically defined
MTD based on bodyweight gain depression. There was no exposure-related mortality. There
was no indication of increased tumor incidence, endocrine or otherwise. Statistically decreased
body weight was reported for males at 150 mg/kg/day and females at 75 mg/kg/day (both at 12
months and 24 months). Primary effects were seen in the eyes, liver, and lungs of male and
females at 150 mg/kg/day, the heart of males at 150 mg/kg/day, and the lungs of females at 75
meg/kg/day. Secondary effects were considered related to the decreased body weight and feed
consumption at 75 and 150 mg/kg/day. At 12 months, a non-statistically significant increased
incidence of very slight or slight degeneration of the descending proximal tubule of the kidney
was indicated at 75 and 150 mg/kg/day. A high incidence of increased panlobular hepatocytes
size often accompanied by altered tinctorial properties was reported for both males and females
at 150 mg/kg/day, an increased incidence of very slight and decreased slight bile duct
hyperplasia with or without inflammation was reported for males at 150 mg/kg/day. Analyses
of severity showed no statistically significant changes.
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The following findings represent potentially endocrine related effects. It should be noted these
were seen only above the TSRC and in the presence of significant other systemic toxicity.

At 12 and 24 months, thyroid hormeone levels {T4} were statistically decreased at 75
and 150 mg/kg/day in both males and females.

Statistically increased thyroid weights {absolute and relative) were seen at 12 and
24 months in males at 150 mg/kg/day and females at 75 and 150 mg/kg/day; this
increase was attributed to thyroid masses. No clear histopathological correlate was
evident for these masses, however, females at 150 mg/kg/day at 24 months had an
increased incidence of parafollicular cell nedular hyperplasia compared to controls.
Parafollicular celf hyperplasia is not typically observed in response to decreased
circulating thyroid hormones, and the exposure-relationship of this finding is
questionable. [Note that tissue accountability at 24 months was poor for female
thyroids due to a labeling problem during processing. The individual animal
identification for 35 female thyroid/parathyroid glands was lost during the
preparation of these tissues for histological evaluation during the dehydration
process as a result of removal of the identifying ink from the tissue containers. This
resulted in 8, 9, 9, and 10 thyroid glands missing from the 0, 5, 75, and 150
mg/kg/day groups respectively. However, because the misidentified tissues were
spread across dose groups and adequate numbers of appropriately labeled tissues
were available for evaluation, this deviation had no effect on interpretation of the
study outcomes.]

At 12 months, females showed a very slight decreased secretory material in the
epithelial cells of the thyroid at 150 mg/kg/day compared to control. This change
suggests an adaptive response to decreased circulating T4 and is considered likely to
be exposure-related. At 24 months in all modes of death {early termination through
24 months}, an increased incidence of focal cystic dilatation was observed in follicles
of the thyroid gland of females at 75 and 150 mg/kg/day.

At 24 months, statistically decreased weight of ovaries {absolute and/or relative} at
was found at 75 and 150 mg/kg/day; there was no histopathological correlate and
this finding is considered likely not to be biologically significant but related to
decreased body weight.

At 12 and 24 months, statistically decreased weight of testes (absolute) was seen at
150 mg/kg/day. Relative testes weights were also decreased at 24 months. No
exposure-related histopathological changes were seen in the testes.

At 24 months in all modes of death {early termination through 24 months), a
decrease in very slight focal or multifocal area of altered cells was found in the
cortex of the adrenal glands of females at 150 mg/kg/day. No other histopathology
was indicated; decreased incidence of primary benign adenoma in the cortex of the
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adrenal glands was reported in females at 150 mg/kg/day. This change may be
exposure related, however, cannot be characterized as adverse. There were no
gross findings in the adrenals at either sacrifice interval, and no exposure-related
histopathological changes in the adrenals at the 12-month sacrifice.

s At 24 months in all modes of death (early termination through 24 months), there
was a decreased incidence of pituitary mass/nodules in both males and females {not
statistically significant. At 24 months (all modes of death), there was a decreased
incidence in benign adenomas of the pars distalis in the pituitary, which was
relatively slight in males, but marked in females at 150 mg/kg/day. The incidence in
males was (19/50 (38%), 15/32 (47%), 12/28 (43%), 9/49 (18%)) and females was
{21/50 (42%), 15/39 (39%), 9/21 {43%), 1/50 {2%)}) at 0, 5, 75, and 150 mg/kg/day,
respectively. The decrease in the incidence of this relatively common likely estrogen
responsive tumer in females is considered related to marked weight loss at the high
dose exposure.

s  Gross pathology at 24 months showed a decreased incidence of mammary left
inguinal hyperplasia in female rats {16/50, 24/50, 12/50, and 1/50} at 0, 5, 75, and
150 mg/kg/day, respectively. This was not noted in males. At 24 months in all
modes of death (early termination through 24 months), a decreased incidence of
mammary gland hyperplasia often accompanied by duct ectasia was reported at 150
mg/kg/day {26, 14, 11, 9 in males and 36, 33, 16, 1 in females) at 0, 5, 75, and 150
mg/kg/day, respectively. This decrease may be attributable to decreased estrogens
but is most likely related to the marked weight loss at the high dose exposure. No
gross or microscopic findings were made in the mammary glands at the 12 month
sacrifice.

Cther endocrine related tissues showed no exposure related gross or microscopic findings:
parathyroid glands, preputial or clitoral glands, prostate, seminal vesicles, oviducts, uterus and
vagina.

Schulze, 1991hb

Male and female B6C3F1 mice were administered 2,4-D {96.1% pure} in the diet at 0, 1, 15, 100,
or 300 mg/kg/day for approximately 13 weeks (10/sex/dose). Endpoints evaluated relevant to
endocrine effects include thyroid hormone {T4), ovary, thyroid, pituitary, adrenal and testes
weights and histopathology, and uterus and epididymides histopathelogy.

There were no significant differences between treated animals from control animals in overall
body weight or body weight gains. At 13 weeks, the livers of males and females at 300
mg/kg/day had elevated nuclear hyperchromatism in periportal hepatocytes (8/10 animals/sex).
The absolute kidney weights decreased {non-statistically} at 300 mg/kg/day for males. Tubular
degeneration was observed in 9/10 male mice at 300 mg/kg/day; this was not observed in
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females. Other renal changes in males at 300 mg/kg/day include: karyomegaly, loss of brush
border, and decreased size of tubular lining. The absolute and/or relative kidney weight in
females was increased at 100 or 300 mg/kg/day. The lack of histopathological correlation in the
fernales makes the biological significance of the slight changes in the kidney weight
questionable.

Findings potentially related to endocrine modulation include:

s Thyroxine (T4) in males and females was non-statistically significantly decreased at
100 and 300 mg/kg/day. There was a dose-dependent decrease in the males. There
were no changes in thyroid weight or histopathology and the T4 decrease, although
likely exposure-related, is not considered an adverse effect.

+ The absolute weights of the adrenal glands were slightly but statistically increased
at 1,15, and 100 mg/kg/day {with an apparent increase at 300 mg/kg/day) for
femaies; no changes were reported for males. The increase was similar and very
slight at all doses except 300 mg/kg/day. The relative weights of the adrenal glands
were statistically elevated compared to controls for 1, 15, and 300 mg/kg/day {with
an apparent increase at 100 mg/kg/day}. No dose dependence was observed.
There were no histopathological findings in the adrenal for either sex at any dose,
and the non-dose related adrenal weight changes are considered unlikely to be
biologically significant or exposure-related.

There were no significant differences in incidences of gross pathology of treated animals from
control animals were found in the following tissues: pituitary, adrenal glands (cortex and
medulla), thyroid glands, parathyroid glands, liver, kidney, testis, epididymides, ovary, uterus, or
mammary glands. No significant differences in absolute or relative organ weights of treated
males or females were identified in the following tissues: ovary, liver, testes, thyroid glands or
pituitary glands. No histopathological changes in treated animals were reported for the
following tissues: pituitary, adrenal glands {medulla and cortex}, thyroid glands, parathyroid
glands, testes, epididymides, ovary, or uterus. This study does not demonstrate any adverse
endocrine-related effects in mice at doses below 100 mg/kg/day in a 90-day study. Although
direct data are lacking, it is likely that high-doses of 2,4-D are above the TSRC of 2,4-D in mice.
Both rats and mice express comparable levels of OAT-1 transporter mRNA in the kidney {Buist
and Klaassen, 2004).

Stott et al. 1995a

In this mouse oncogenicity study, female B6C3F1 mice were administered 2,4-D (96.4% pure) in
the diet at 0, 5, 150, or 300 mg/kg/day for approximately 12 months {10/sex/dose} or 24
months (50/sex/dose}. There were no long term changes in body weight or body weight gains
of mice exposed to 2,4-D. At 12 months absolute and relative kidney weights increased at 150
and 300 mg/kg/day (13 and 16%). At 24 months the relative kidney weight increased at 150 and
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300 mg/kg/day (11 and 20%). At 24 months, histopathological effects on kidneys included
hypercellularity of the descending portion of the proximal tubule and
degeneration/regeneration of the cortical tubules at 150 and 300 mg/kg/day and mineralization
of renal tubules at 300 mg/kg/day.

There were no effects on endocrine responsive tissues (based on histopathological evatuation) in this
study at 12 or 24 months, including: adrenals, cervix, liver, mammary glands, ovaries, oviducts,
parathyroids, pituitary, thyroids, uterus, and vagina.

Stott et al. 1995b

In this mouse oncogenicity study, mate B6C3F1 mice were administered 2,4-D (96.4% pure} in
the diet at 0, 62.5 or 125 mg/kg/day for approximately 12 months {10/sex/dose) or 24 months
{50/sex/dose). There were no changes in body weight or body weight gains reported. There
was no exposure related incidence of necplasms. At 24 months, kidney weight increased at 62.5
and 125 mg/kg/day and histopathological lesions of the kidney were apparent at both 12- and
24-months. In the liver at 24 months, there was an increase in multifocal areas of aggregates of
reticuloendothelial cells frequently adjacent to degenerative or necrotic hepatocytes at 125
mg/kg/day.

There were no exposure-related endocrine related effects in this study. At 12 months absoiute
and relative testes weights were not different from control. At 24 months, testes relative organ
weight was increased at 125 mg/kg/day (6%). However, there were no histopathological
correlate to the weight change, and the change was slight in nature, and absolute testes weights
were not statistically significantly increased. Therefore this finding is not considered exposure-
related.

No changes in gross pathology were reported at 12 or 24 months for the following tissues:
kidneys, liver, seminal vesicles {12 months only), testes, adrenals {24 month only), and
epididymides (24 months only). No histopathological changes occurred in the following tissues
at 12 or 24 months: adrenals, coagulating glands, epididymides, parathyroid, prostate, seminal
vesicles, testes, or thyroid gland.

Schulze, 1990

In this sub-chronic study, 2, 4-D {96.1% pure) was administered to dogs via capsule at 0,0.3, 1,3 or 10
mg/kg/day for 13 weeks. Endocrine related endpoints evaluated included: thyroid hormones (T3 and
T4), ovary, thyroid and testes {(with epididymides) weights and histopathology, and adrenal, pituitary
and uterus histopathology.

There was severe systemic toxicity at the highest dose tested {10 mg/kg/day) (HDT): including mortality,
weight loss, renal pathology and altered BUN and creatinine. At 3 mg/kg/day renal pathclogy and
altered BUN and creatinine were evident. The 10 mg/kg/day dose clearly exceeded a Maximum
Tolerated Dose in dogs.
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interestingly, despite the severe toxicity in this study there were no exposure related effects on T3 or T4
levels, and no exposure related effects on thyroid hormones {T3 and T4}, weights or histopathology.

This stands in contrast to the rodent data, and highlights the susceptibility of the rat to changes in
thyroid homeostasis. In addition, although thyroid toxicity was absent dogs, 2,4-D serum concentrations
likely were substantially higher in dogs than in rats. Administration of a single oral dose of 5 mg/kg 2,4-
D to either dogs or rats resulted in a serum AUC that was 232-fold higher in dogs compared to rats
(vanRavenzwaay et al., 2003).

Decreased testes weight and testicular findings were present at the high dose. This finding will be
discussed in conjunction with the other dog sub-chronic study below.

Dalgard, 1993a

A second subchronic dog study was conducted at the same laboratory as the Schultze (1990) dog study
using 2,4-D {96.7% pure) administered in the diet. The study design and results were published by
Charles et al. (2001b) along with the results of evaluations of selected 2,4-D esters and sals, which are
summarized subsequently with relevant published data. In the Dalgard {1993a) study, concentrations
were administered to achieve targeted dose levels of 0, 0.5 1, 3.75 or 10 mg/kg bw/day; after 8 weeks
the 10 mg/kg/day dose was lowered to 7.5 mg/kg bw/day based on excessive toxicity. Endocrine
relevant parameters evaluated in this study included adrenal, ovary, pituitary, thyroid and testes
{without epididymides) weights and histopathology, and epididymides, prostate, mammary gland,
uterus and vagina histopathology.

Body weight gain in this study was decreased at the mid and high dose but not statistically significantly.
At 7.5 mg/kg/day, testes weight was decreased and relative but not absolute thyroid weight was
increased. No effects were seen on any other endocrine-relevant parameter. The toxicological
significance of the thyroid findings is not clear given the absence of any correlating histopathological
findings, the lack of absolute weight increase in the thyroid, and the lack of effects on thyroid hormone
levels in the prior sub-chronic dog study at a higher dose level. Based on these factors, the increased
relative thyroid weight is considered unlikely to be exposure related.

Regarding the testis weight decreases seen in both subchronic studies, and the dose-related incidence of
testicular lesions in the Schulze (1990) study, the evidence suggests that a high number of juvenile dogs
in both subchronic studies may have contributed to the observed effects. (The age of the dogs is not
defined in the study reports; however a subsequent paper by Charles et al. (1991b} indicates the dogs in
the Dalgard (1993a) study were 4-6 months of age at study initiation.) A comparison of body weights
and testes and thyroid histopathology in both sub-chronic dog studies (see Table §8), leads to the
conclusion that the majority af the dogs in both the sub-chronic studies were juvenile animals on the
low end of the stated age range. {Both studies were conducted at the same laboratory during a similar
time frame.)
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Comparison of the body weights of the dogs at study initiation supports that the dogs were of a similar
age and that they were young (mature male beagle adult weight is 10-12 kg). Testicular giant celis and
hypospermatogenesis are common background lesions in beagles (up to 30% per Rehm, 2000).
Immature dogs (less than 9 months of age) have been reported to have control incidences as high as
75% of both decreased testes weight and hypospermia (Goedken et af., 2008). In the Goedken et al.
analyses of data from a large population of control dogs, atrophic/hypoplastic tubules were seen in
26.3% of all dogs with 25%—40% of dogs under twelve months old having this finding, decreasing with
increased age to 14%-17% in dogs twelve to thirty-six months old. Additionally, the high incidence of
juvenile prostate findings in the second study (prostate was not evaluated in the first study)} supports
that the dogs were immature. It seems likely that the decreased testes weights in both sub-chronic
studies and histopathological findings in the testes of the dogs in the 1990 study are an artifact related
to the young age of these animals, although it is possible that the high {(and lethal} dose of 10 mg/kg/day
contributed to delayed development. Supporting the possibility of artifact, a chronic study in dogs
{Dalgard, 1993b, discussed below} showed no exposure-related effects on testes weights or testicular
histopathology following a one year exposure to 2,4-D at a high dose level (10 reduced to 7.5
mg/kg/day} generally equivalent to the high dose in the prior sub-chronic studies.

Dalgard, 1993b

In a chronic {1 year) dog study, 2,4-D {96.7% pure} was administered in the diet at target doses of 0, 1, 5
and 10 mg/kg bw/day. After 8 weeks the high dose was dropped to 7.5 mg/kg/day from 10 mg/kg/day.
The study design and resuits were published by Charles et al. {1996b) along with the results of
evaluations of selected 2,4-D esters and salts sub-chronic toxicity studies. Body weight and feed
consumption were measured; compound intake calculated and dietary concentrations confirmed.
Potential endocrine related parameters in this study included organ weights and histopathological
evaluation of adrenals, testes, ovaries, pituitary and thyroid, and additional histopathological evaluation
of epididymides, prostate, uterus, vagina, and mammary gland.

Body weight was markedly decreased in the high dose group, severely in females before lowering the
high dose. Renal pathology and altered BUN and creatinine were evident at 10/7.5 and 5 mg/kg/day.
The MOAEL was 1 mg/kg/day. There were no effects on endocrine parameters. Testicular and ovarian
weights and histopathology were not affected, nor were thyroid weights or histopathology.

The absence of effects on testes weights and histopathology supports that the sub-chronic study
findings were primarily related to the immature age of the test animal, as the high dose in the chronic
study was similar to that in the sub-chronic studies.

As noted in the publication, the dog is not regarded as a relevant species for human risk assessment
given the substantial differences in 2,4-D toxicokinetics in this species relative to rats and humans
(Timchalk, 2006; vanRavenzwaay et al., 2003). Thus, 2,4-D toxicity in dog is only relevant to assessment
of potential environmental mammalian species impacts. It is aiso potentially relevant in that it supports
the unigque susceptibility of rodents (especially rats} to perturbation of thyroid hormone balance.
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B. Studies Identified in the Published Literature

Developmental Studies

Charles et al., 2001

Developmental toxicity studies in rats and rabbits, performed with the following chemicals: 2,4-D acid,
2,4-D dimethylamine salt (2,4-D DMA), and 2,4-D 2-ethylhexyl ester {2,4-D EHE}); 2,4-D diethanolamine
salt (2,4-D DEA); 2,4-D isopropylamine (2,4-D IPA}); 2,4-D triisopropanolamine (2,4-D TIPA); 2-
butoxyethyl ester (2,4-D BEE); and 2,4-D isopropyl ester {2,4-D IPE} were summarized in a publication by
Charles et af. (2001). These were GLP studies designed to comply with USEPA Federal Insecticide,
fungicide, and Rodenticide Act (FIFRA) testing guidelines. The study methods and results are reviewed
in detail in Charles et ¢f. 2001; the studies are briefly summarized below (with the exception of the 2,4-D
acid rat {Rodwell, 1983} and rabbit {Hoberman, 1990) data, which are included with the regulatory
studies of 2,4-D, based on the data in the study reports).

Rat

The rat developmental toxicity studies comply with OPP 83-3 guidelines and are considered to meet
Klimisch criteria 2, because of a lack of sufficient detail in the published studies, atthough it should be
noted current guidelines require a longer exposure period. In the rat developmental toxicity studies,
groups of 25 to 35 bred female rats/group were gavaged daily on GD 6-15. Sprague-Dawley rats were
used in these studies, except for the study on 2,4-D acid, which used Fischer 344 rats. (The 2,4-D acid
developmental study (Rodwell, 1983) is reviewed in the discussion of regulatory toxicity studies; this
study is scored a Klimisch 1.) The dose levels for each compound are indicated in Table 12 in the
publication, but range from 8-150 mg/kg/day expressed as 2,4-D acid equivalents {ae). Separate control
groups for each compound were administered the appropriate vehicle. The 2,4-D ae values will be used
in the following discussion,

Dosing was during the period of major organogenesis. Dams were observed twice daily, and maternal
body weights and feed consumption were recorded. Surviving dams were euthanized on GD 20 and
examined grossly, and kidney and liver weights recorded. Dams dying or sacrificed moribund before GD
20 had gross necropsies performed. At cesarean section, gravid uterine weight, number of corpora
lutea, number and position of implantations, resorptions, and live or dead fetuses were recorded. Uteri
with no visible implantations were stained for evidence of early resorptions. Each fetus was individually
identified, weighed, sexed, and given a gross examination for external malformations/variations.
Approximately one-half of the rat fetuses in each litter were evaluated for visceral
malformations/variations, with heads examined for craniofacial defects. The remaining rat fetuses in
each litter were processed for evaluation of skeletal alterations.

Developmental toxicity with the various 2,4-D salts and esters was observed only at dose levels causing
maternal toxicity and was dose related. In general, maternal body-weight effects in rats began to be
apparent at dose levels of 30 mg/kg/day. This dose by gavage has been shown to exceed the renal
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clearance saturation threshold. At 30 mg/kg/day, body-weight gain was significantly depressed with
2,4-D EHE, 2,4-D EHE and 2,4-D IPE. At dase levels 290 mg/kg/day ae, clinical signs of toxicity were
reported with 2,4-D DEA, 2,4-D DMA, 2,4-D IPA, and 2,4-D BEE, and maternal mortality was seen with
2,4-D TIPA. The no-observed-adverse-effect level (NOAEL) in dams across the studies ranged from 8 to

17 mg/kg/day.

There were no treatment-related effects on litter size, resorption rates, or fetal sex ratios.
Developmental effects generally occurred only at the highest dose levels tested (HDT). Significantly
decreased fetal-body weights were seen with 2,4-D DEA, 2,4-D DMA, 2,4-D TIPA, 2,4-D EHE, and 2,4-D
IPE at »90 mg/kg/day (the HDT of each compound). Statistically significant treatment-related increases
in fetal variations observed with 2,4-D DEA, 2,4-D DMA, 2,4-D TIPA, 2,4-D BEE, and 2,4-D IPE at doses
>90 mg/kg/day included slightly delayed skeletal ossification and the presence of extra ribs, either
cervical or lumbar. With 2,4-D EHE, a statistically significant increase in the incidence of incomplete or
unossified sternebrae was the only effect noted in fetuses at 30 mg/kg/day and above. A statistically
significant increase in the incidence of external and visceral malformations and skeletal anomalies was
seen only at the high-dose level of 2,4-D TIPA {175 mg/kg/day}, consisting of malformations of the eyes
and rib variations (wavy, fused}. This dose level exceeded an MTD, with maternal toxicity including
mortality and severely decreased maternal weight gain. The types of developmental findings were not
those typically characteristic of endocrine system disruption.

Rabbit

Groups of 18 to 24 inseminated adult female New Zealand white rabbits were administered the test
materials by oral gavage once daily on either GD 6-18 or 7-19. Dose levels are shown in the preceding
table but range from 10 to 75 mg/kg/day expressed as 2,4-D ae. Separate control groups were
administered the appropriate vehicle.

The studies complied with the OPP 83-3 Test Guidelines. The developmental studies in rabbits {except
for the study on 2,4-D acid {Hoberman, 1990) which is scored a 1) are considered Klimisch criteria 2,
primarily because of a lack of some detail in the presentation, although it should be noted current
guidelines require a longer exposure period. Additionally, the study on 2,4-D DMA was scored a 2
because maternal toxicity {not clearly dose related) limited the number of litters available for
evaluation. However, developmental toxicity was considered adequately characterized.

Does were observed twice daily, and maternal body weights recorded at intervals during gestation.
Surviving does were killed on GD 28 or 29; gross postmortem examinations were performed on all
females {including deaths or moribund sacrifices}). At cesarean section, gravid uterine weight, number of
corpora lutea, number and position of implantations, resorptions, and live or dead fetuses were
recorded. Uteri with no visible implantations were stained with an ammonium sulfide solution to detect
early resorptions. Each fetus was individually identified, weighed, sexed, and given a gross examination
for external malformations/variations, All fetuses were examined by dissection for evidence of visceral
alterations and processed for evaluation of skeletal alterations.
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In rabbits, dose-related maternal toxicity was seen with 2,4-D sahlts and esters at doses at or above 30
mg/kg/day ae. With higher doses (75-90 mg/kg/day), more severe maternal effects were noted. Clinical
signs of toxicity accompanied by maternal body-weight losses, and in some cases, significant morbidity
and/or mortality (2,4-D DMA, 2,4-D IPA, 2,4-D TIPA, and 2,4-D BEE) was observed.

in rabbits, embryonic and fetal development was essentially unaffected, even at maternally toxic doses.
There were no effects on materna! reproductive measures such as litter size, number of resorptions, or
on fetal body weights. Increased 7th cervical ribs were observed in the group exposed to 2,4-D DEA at
40.6 mg/kg/day, a dose level that also produced clinical signs of toxicity and decreased maternal body
weight gain, Although statistically significant compared to control, it should be noted this is a finding
with a high background incidence. There was no evidence of teratogenicity in rabbits with 2,4-D acid or
its salts or esters. Additionally, there was no evidence of urogenital anomalies characteristic of
endocrine disruption in these studies.

The types of findings in both the rat and rabbit developmental toxicity studies are characteristic of those
associated with maternal toxicity, and do not suggest endocrine-mediated effects. Adverse effects on
the developing rat and rabbit fetuses exposed im utero to 2,4-D were observed only at dose levels that
produced maternal toxicity, with increasing dose levels that exceeded he TSRC {established for rats only,
but predicted for rabbits based on similarities in their renal transport capability), causing increasingly
more severe maternal effects, with concomitant effects on the developing fetus. Further, the studies do
not provide any specific evidence of endocrine disruption. The majority of the 2,4-D forms were not
associated with major malformations; the single exception is found in the rat study with 2,4-D TIPA at a
very severely maternally toxic dose. This review of developmental findings for 2,4-D and its forms is
included in the WoE because it shows the commonality of findings for this group of related compounds
and does not predict endocrine disrupting activity for any of the compounds.

Dinamarca et al,, 2007

Eight-week old, ICR/Jc| mice were mated, and were subsequently administered 2,4- D as a “pure
compound” {purity unspecified} or as a commercially available formulation available in Chile
(unspecified) in drinking water at concentrations providing mg/kg/day doses of 0, 0.01, 0.10 or 100
mg/kg/day from GD 0-S. GD 0 was designated as the day a copulatory plug was observed. There were
10-13 mice/group. Dam body weights were recorded at GD 0, 6 and 9. Water consumption was
measured, and mice were monitored for behavior. Feed consumption was stated to have been
observed; it was not clear if this was measured. Mice were bled at GD 9 for biochemical evaluations and
caesarian-sectioned. (varies were evaluated for numbers of corpora iutea and uterine horns were
evaluated for number of implantation sites, resorptions and live embryos.

Oxidative stress was assessed by the determination of catalase activity, thiobarbituric reactive species
{TBARs) and total antioxidant capacity (TAC). Carbon tetrachloride was administered subcutaneously at
3 mlfkg on GD8 as a positive control.
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There were no signs of maternal toxicity nor differences in body weight gain between the dosed groups
and the control. Numbers of corpora iutea, implantation sites, resorptions and live embryos were similar
between the dose groups and control.

TAC values were significantly decreased only after administration of 100 mg/kg/dose 2,4-D of both
“pure” 2,4-D and the formulated test material, suggesting that non-enzymatic antioxidant defenses may
be depleted at that dose level which likely exceeds the TSRC in mice. There are some reservations
regarding this conclusion because it is not clear how the TAC was assessed; multiple pathways are
involved, Catalase activity and TBARS were not changed by exposure.

This study includes a fairly complete description of methods and appropriate analyses of results. One
flaw is that details on the purity and scurce of the “pure” 2,4-D are not provided. The dose spacing in
this study was designed to address the low dose hypothesis proposed by Cavieres et al. (2002). (The
Cavieres et ol. work is summarized in Supplementary Appendix VI{.) The Dinamarca et ol. study
demonstrated that the finding of decreased implantations in mice exposed to 2,4-D in the Cavieres et of.
{2002) report could not be replicated, even with an exposure period correctly designed to explore this
possibility

Male Reproductive Taxicity

Lamb et af., 1981a

in this study, male C57BL/6N mice were dosed via diet for 8 weeks with various concentrations of 2,4-D;
2,4,5-T; and TCDD. Approximate daily exposures were 40 mg/kg/day 2,4-D, 40 mg/kg/day 2,4,5-T, and
2.4 micrograms per kilogram per day {pg/kg/day} TCOD; 40 mg/kg/day 2,4-D, 40 mg/kg/day 2,4,5-T, and
0.16 pg/kg/day TCDD; and 20 mg/kg/day 2,4-D, 20 mg/kg/day 2,4,5-T, and 1.2 pg/kg/day TCDD for
groups I}, Ill, and IV respectively. Group ! {control) received untreated diet. Fertility, sperm number,
motility, and morphology were evaluated. Somatic cell sister chromatid exchange frequencies were also
evaluated in mice injected intraperitoneally with single doses of similar chemical mixtures. No
significant effects were observed in the male mice exposed to 2,4-D in the above mixtures compared to
the controf groups. Thus, this study provides no evidence of endocrine-disrupting activity of 2,4-D. Its
primary weaknesses are that it tests only mixtures, however, this would not be expected to confound
the negative results, and the dose and purity of the 2,4-D are defined. The high dose of 2,4-D would be
anticipated to approximate the TSRC int mice 50 exposure to 2,4-D was not limited by the toxicity of the
other mixture components.

Lamb et al., 1981hb

In this study, male C57BL/6N mice were dosed via diet for 8 weeks with various concentrations of2,4-D,
2,4,5-T, and TCDD. Approximate daily exposures were 40 mg/kg/day 2,4-D, 40 mg/kg/day 2,4,5-T, and
2.4 pg/kg/day TCDD; 40 mg/kg/day 2,4-D, 40 mg/kg/day 2,4,5-T, and 0.16 pg/kg/day TCOD; and 20
mg/kg/day 2,4-D, 20 mg/kg/day 2,4,5-T, and 1.2 pg/kg/day TCDD for groups (I, ll, and IV respectively.
Group | {control) received untreated diet. Males were mated with untreated female mice. Females
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:an sectioned at gestation day 18 for evaluation of the fetuses, or allowed to deliver
is until weaning at postnatal day (PND} 21 for evaluation of offspring birth weight and
as no residual impact on reproductive performance of the treated males in this study.
survival of fetuses and pups in the offspring of treated --»ups were similar to that of
and no effect of these mixtures was apparent. The stuay provided no evidence of
productive toxicity or of endocrine disrupting activity of 2,4-D for these mixtures of
nary weakness is that it tests only mixtures; however, this would not be expected to
ative results. The high dose of 2,4-D would be anticipated to approximate the TSRC in
to 2,4-D was not limited by the toxicity of the other mixture components.

Chronic Toxicity
162

' presents data from several rat subchronic toxicity studies conducted with 2,4-D acid,
ine salt (DMA), or 2,4-D 2-ethylhexyl ester {2-EHE). These studies were GLP Guideline
I to satisfy US EPA testing requirements. The 2,4-D acid subchronic study {Schultze,

d with the regulatory studies above, based on the comprehensive data in the study
-D DMA and 2-EHE studies, Fischer 344 rats (10/sex/dose group) were dosed in the
ases of 0, 1, 15, 100, and 300 mg/kg/day (expressed as acid equivalent doses} for 90

nts evaluated included: thyroid hormones (T3 and T4); adrenal, ovaries, pituitary,

id parathyroids} organ weights and adrenal, epididymides, mammary gland, ovaries,
¥, prostate, testes, thyroid {and parathyroids), and uterus histopathological

cal signs, body weight, feed consumption, clinical pathology, and evaluation of

*gan histopathology were also done in these studies.

dications of endocrine pathway interactions were noted in these studies. All occurred
nically toxic doses that exceeded the TSRC. These indications included decreased T4
levels of > 100 mg/kg/day, with T4 appearing somewhat more sensitive than T3 and
sitive than males. Correlating with these findings were increases in relative thyroid
rat 300 mg/kg/day}; however no correlating histopathological evidence of thyroid
rtrophy or hyperplasia was evident. Therefore, these changes are considered slight in
adverse. Adrenal cortical hypertrophy was also seen at dose levels > 100 mg/kg/day.
cortical hypertrophy resutts from increased ACTH release from the pituitary in

-alized stress; in the case of 2,4-D it reflects the excessive toxicity at the high doses far
!C.) Relative testes weights were decreased at 300 mg/kg/day ae, and testicular

d at the same dose level.

1 deaths were seen for 2-EHE at 300 mg/kg/day. Severe decreases in body weight gain
:d consumption were seen at the high dose level (300 mg/kg/day] for all three
‘eased body weight gain was also seen at 100 mg/kg/day for 2,4-D acid. A trend
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IMSO control for relative activity to both the ERa and ER(3. Further, it did not affect the constitutive
ivity of either receptor protein in the absence of 17R-estradiol. 2,4-D was not further tested for
rogen receptor binding in this study.

s study evaluates antagonism activity of constitutive ERa activity and the absence of both agonist and
tagonist activity at ERR. Although the results were clearly negative, 2,4-D was tested in only a single
h concentration; this is the major weakness identified in this study.

;hihara et al., 2000

this study, 517 chemicals, including 2,4-D, were tested for agonist activity at the estrogen receptor in
east two-hybrid system expressing the estrogen receptor ERa and the coactivator TIF2, along with a
talactosidase reporter gene containing an estrogen-responsive promoter region. The yeast cells were
ubated overnight in SD medium free of tryptophan and leucine {required for growth), then treated
:h test chemicals in DMSO for 4 hours at 30°C. After incubation, the cells were washed, lysed with
nolyse 20T, mixed with o-nitrophenol-f-galactoside, and galactosidase activity determined based on
:ctrometric absorbance for an aliquot of the lysate. 2,4-D (form and purity not reported) was

zative for estrogenic activity at concentrations up to 1 x 10* M. The number of replicates run, the
mber of chemical concentrations tested, and data regarding solubility of the test chemicals and
iotoxicity were not provided. Another limitation of the Nishihara et af. {2000) assay involves the use
a yeast-based assay system (see note above).

ton et al., 2009

elve pesticides, including 2,4-D (>97% purity), were tested for agonist and antagonist activity at both
: human estrogen receptor and the human androgen receptor using yeast reporter systems. The DNA
juence of either the human estrogen receptor (yeast estrogen screen; YES) or the human androgen
:eptor (yeast androgen screen; YAS} was stably integrated into the yeast genome. The yeast cells also
1tained a lac-Z reporter ptasmid, which encodes the B-galactosidase enzyme and could be expressed
on activation of either the estrogen or androgen receptor. For assessing agonist activity,

1centrations 0f 4.9 x 107 - 1 x 10* M 2,4-D dissolved in ethanol were added to the wells of a 96-well
te and evaporated to dryness. Aliquots (200 pl) of minimal medium seeded with either the YES or

S yeast cells and containing the chromogenic substrate chlorophenol red-B-D-galactopyranoside

’RG) were added to the wells and incubated at 32°C for 3 days. Samples were run in triplicate over
‘ee plates and the assay was run two separate times. For the YES assay, 178-estradiol was run as a
sitive control; for the YAS assay, testosterone was run as a positive control. Both solvent and media-
ly controls were also run. Conversion of the yellow CPRG substrate to = red product was then

iessed by measuring absorbance at 540 nm. Cell growth (based on cul.w.« wrbidity measured at 620
1) was also measured to assess cytotoxicity. To evaluate antagonist activity, the assays were run
vilarly, except the pesticide was added in combination with either 0.25 nM 17f}-estradiol {for the YES
tem) or 2.5 nM testosterone (for the YAS system). Positive controls were either 0.01-25 uM 4-
droxytamoxifen (to assess anti-estrogenic activity} or 0.02-50 pM flutamide (to assess anti-androgenic
ivity). In these assays, 2,4-D was stated to be negative for agonist and antagonist activity at both the

Page 107 of 141


















an toad tadpoles (Bufo meianostictus) were exposed to waterborne concentrations of 2,4-0 (source
nown; assumed to be commercially available formulation) over 96 hours in a static renewal exposure
em. The cancentrations of 2,4-D used were 0, 7.5, 10 and 11 mg/L. One liter beakers were used as
vessels. The temperature during experimentation was around 25 “C, the pH was around 8.3, and

¥ alkalinity and hardness were 210 and 220 mg/L CaC03, respectively. The 96-hour LCS0 value for

‘D was reported to be 8.05 mg/L. Little experimental detail is discussed in this publ” " »n and the

1 rmof 2,4-D tested is unknown. This study lacks sufficient information 1o be usciu for

issment of potential endocrine effects.

h

et al., 2005

his investigation juvenile rainbow trout {Oncarhynchus mykiss) of unknown sex {standard length 11.5
2 ¢} were exposed to 2,4-D dimethylamine {Nufarm Co 5t. Joseph, MO, USA; purity not stated) for
1ys in a daily static renewal system. Several different exposure scenarios with 2,4-C dimethylamine
‘e conducted. Rainbow trout were exposed to one “worst case” concentration of 1.64 mg/L 2,4-0
ethylamine (measured), and also to 2,4-D dimethylamine at concentrations of 0, 0.00164, 0.0164,
3, and 1.64 mg/L). Rainbow trout were exposed to 2,4-0 dimethylamine {at the same nominal
centrations) in combination with the surfactants R-11 and Target Prospreader Activator (TPA). Each
‘concentration leve!l was composed of three replicate tanks with two fish in each tank, in a static test
em,

ow~~ nxposure, blood was collected from each fish, and vitellogenin levels were measured in the

3 p..na with the use of a commercially available rainbow trout ELISA kit (Biosense, Bergen,

way}. iIn the first exposure to the “worst case” concentration of 2,4-0 (1.64 mg/L), vitellogenin levels
e significantly greater than control levels. in combination with the surfactant R-11, the same
centration of 2,4-D, however, did not result in vitellogenin levels that were significantly greater than
trols. In combination with the surfactant TPA, however, the same concentration of 2,4-D did result
itellogenin levels that were significantly greater than controls. In the dose-response study with 2,4-
oncentrations > 0.164 mg/L resulted in significantly greater concentrations of vitellogenin compared
ontrols. Thus the NOEC and LOEC for viteliogenin induction in the rainbow trout were reported as
164 and 0.164 mg/L, respectively. These values were altered based on co-treatment with both R11
TPA surfactants. The NOEC and LOEC for 2,4-0 in the presence of various concentrations of TPA

e lowered to 0.00164 and 0.0164 mg/L, respectively. The NOEC and LOEC for 2,4-0 in the presence
arious concentrations of R-11 were increased to 0.164 and 1.64 mg/L, respectively.

sample size is small, especially for measuring inherently variable endocrine parameters such as
Hogenin concentrations. Although not specifically reported, the variability around these measured
Hogenin concentrations was notably high (by visual inspection of the figures). For example, control
Hogenin responses ranged from near zero to as high as approximately 10 ng/mg total plasma

tein; such variation confounds clear identification of NOEC and LOEC values reported in this study.
et al. also noted that a combined treatment with 1.64 mg/L 2,4-D and 1.46 mg/L of the surfactant R-
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